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V splošnem strojništvu se pogoje v kontaktu računa z upoštevanjem nominalne kontaktne 
površine med dvema površinama, ki je bistveno večja od dejanske kontaktne površine. 
Upoštevanje takšne predpostavke vodi v izračun milejših kontaktnih pogojev kot so ti v 
resnici. V doktorski nalogi smo raziskovali vpliv inženirsko relevantnih materialov in 
topografskih lastnosti na dejansko obnašanje v kontaktu dveh ravnih površin pri statičnih 
pogojih obremenjevanja. V ta namen je bilo razvito namensko preizkuševališče, ki 
omogoča analizo kontakta na submikronskem nivoju. Rezultati so pokazali, da se pri 
makro meji tečenja kovine v kontaktu obnašajo zelo podobno, medtem ko so vidnejše 
razlike posledica različnih topografskih lastnosti. Nasprotno, polimer izkazuje drugačno 
obnašanje v kontaktu kot kovine. Podrobna eksperimentalna analiza deformacije vršičkov 
je pokazala, da na obnašanje v kontaktu pomembno vplivajo tako mehanske kot tudi 
geometrijske spremembe kontaktnih vršičkov. Dobljene eksperimentalne rezultate smo 
primerjali z najbolj uveljavljenih teoretičnih modelov za napovedovanje obnašanja v 
kontaktu. Zaradi predpostavk teoretičnih modelov prihaja do vidnejših odstopanj v 
primerjavi z dejanskim obnašanjem v kontaktu. 
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In conventional engineering approach, contact conditions are calculated with the 
assumption of nominal contact area between two surfaces, which is greater than actual 
contact area. Consideration of such assumptions leads into calculations of milder contact 
conditions as they appear in real. In this PhD thesis we investigated the influence of 
engineering-relevant material and topographic properties on the actual behaviour within 
the contact of two nominally flat surfaces under static loading conditions. For this purpose, 
a novel test rig was developed, which enables the analysis of the contact on a submicron 
scale. The results showed that at the macro yield stress metals exhibit similar contact 
behaviour, while the influence of topographic properties is more prominent. On the 
contrary, polymer shows different contact behaviour than metals. In-depth experimental 
analysis of asperity deformations showed that the contact behaviour is strongly affected by 
the material and topographic changes of the contacting asperities. The obtained 
experimental results were compared to the predictions of well-established theoretical 
contact models. Due to the assumptions of theoretical contact models, large deviations 
between the predicted and actual contact behaviour were observed. 
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1 Introduction 
In numerous engineering systems contacts between components play an important role. 
While some contacts are designed to carry or transfer the load, others ensure electrical or 
thermal conductivity, etc. Therefore, contact conditions play an important role in 
applications such as bearings, gears, sealing systems, electrical connectors, micro-switches, 
magnetic storage devices, heat transfers, and many others. When designing such systems, 
aforementioned physical quantities are usually predicted by a consideration of the nominal 
contact area (Figure 1-1) between two parts. However, such assumption could be made 
only when two ideally smooth surfaces are brought in contact. 
 
 
 
Figure 1-1: Schematic presentation of commonly assumed nominal contact area (left) and the 
magnification of the same contact as seen on the micro-level, showing real contact area (right). 
 
It is well-known that each engineering surface contains macroscopic and microscopic 
irregularities [1]. Therefore, when such surfaces are brought in contact the size of actual 
contact area, commonly referred to as real contact area (Figure 1-1), is unlikely equal to 
the nominal contact area. Moreover, under common operating conditions the real contact 
area is believed to be only a small fraction of the nominal contact area [2]. This indicates 
that when designing engineering systems, predicting a nominal contact area, instead of a 
real contact area, may lead to a significant discrepancy between the real and assumed 
contact conditions, and so causes earlier malfunctions or even breakdowns of engineering 
components and systems. 
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The size of the real contact area is a function of topography, material properties of 
contacting surfaces and loading conditions. The latter is usually determined by the 
application or system requirements and therefore cannot be arbitrarily selected. In general 
engineering contacts may be subjected to static or dynamic loading conditions. To 
investigate the dynamically loaded contacts, it is mandatory to comprehensively 
understand the contact behaviour under static loading conditions first. Despite more than 
60 years of the intensive research of the statically loaded contacts, these are still not fully 
understood and therefore require further attention. 
 
The main reasons why there are still certain ambiguities regarding the behaviour within the 
statically loaded engineering contacts are related to the topographic and material properties 
of these surfaces. 
 
The topography of each engineering-relevant surface is complex. Irrespective of the 
surface finish method used, each surface exhibit some macroscopic (waviness) and 
microscopic (roughness) irregularities. Even when two surfaces are prepared with exactly 
the same procedure they will never have the same features. Consequently, a general 
characterization of surfaces, based only on the used surface finish method, is thus 
impossible. When surfaces are brought in contact the real contact area is formed over 
surface irregularities, which are also known as asperities. When the surface is measured 
with one of existing measuring techniques it appears that there are many asperities, which 
will form the contact area when in contact (Figure 1-2). However, due to the geometric 
properties of these asperities not all of them will actually carry the load. Therefore it is 
crucial for contact analyses to recognize the important (load-carrying) asperities. Another 
difficulty is directly related to the asperities identification and characterization. Namely, 
the constant and rapid development of a sophisticated topography measurement equipment 
revealed that the topography of each real engineering surface exhibit features on many 
levels, which indicates the multi-scale nature of real surfaces. Consequently, asperities also 
appear on many levels. Since up to these days it is still not known on what level relevant 
asperities appear, the asperity characterization presents one of the most enigmatic issues in 
contact behaviour analyses. 
 
 
 
Figure 1-2: 2D surface profile where several asperities can be observed. 
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However, the load-carrying capacity of asperities does not depend only on the geometric 
properties but on mechanical behaviour as well. Several studies have been performed in the 
past to address the contact mechanics of a single-asperity. To provide some general 
principles, a vast majority of these studies considered a simplified geometry 
(hemispherical, conical, cylindrical, etc.) of an asperity. Since actual asperity shape is 
much more complicated, the established contact mechanics laws present firm fundamentals 
for the general understanding of contact mechanics but do not reflect the actual mechanical 
state of a real asperity.  
 
Although the behaviour of actual single-asperity contact is still not fully understood, some 
researchers have already developed the contact models, which foretell the contact 
behaviour for engineering applications more relevant multi-asperity surfaces. Since the 
mechanical behaviour within such contacts is even more complicated than in case of a 
single-asperity contact, due to interactions between neighbouring asperities and their 
individual contributions to the contact formation, several additional assumptions and 
predictions are considered with multi-asperity contact models. These may result in 
mispredicted contact behaviour. Moreover, the validation of multi-asperity contact models 
for real engineering surfaces is greatly missing. Therefore up to these days it is still not 
clear, which theoretical contact model, if any, accurately predicts the contact behaviour 
within real engineering multi-asperity contacts. Consequently, the existing theoretical 
contact models should be used with restraint. 
 
The key for the accurate and thorough investigation of the real contact behaviour, which 
would provide accurate information about the contact behaviour, presents an experimental 
approach. The beginnings of experimental contact behaviour analyses go back to 1950’s. 
Due to technical limitations of the available laboratory equipment, experimental studies 
were scarce up to the 21
st
 century. With a constant and rapid development of sophisticated 
laboratory equipment experimental analyses became more accurate and enable insight into 
the contact on the ever-lower scale. Despite major improvements in experimental 
techniques, most of modern contact behaviour studies investigated the contact of a single-
asperity. Similar as with theoretical studies such contact was usually investigated as a 
contact of a macroscopic hemisphere and a rigid flat. Although such studies provide more 
accurate information about the mechanical behaviour, it still lack the information about the 
geometric behaviour of a single-asperity due to its actual shape and micro or even 
submicron scale size. Nevertheless, some studies were also performed for the multi-
asperity contacts on the asperity-relevant levels. However, they either lack details in terms 
of resolution or they only capture a portion of the contacting surface, which makes it 
impossible to determine load distribution within the contact. 
 
Although existing experimental studies present an important contribution in the field of the 
real contact area investigation they are insufficient for a detailed contact analyses based on 
which improved contact models could be set. To thoroughly understand the geometric and 
mechanical behaviour within the contacts, an experimental approach must be adopted on 
the lowest possible scale. This would not only allow to capture the details, which so far 
have never been experimentally obtained before, but would also provide crucial 
information, necessary for a development of an accurate contact model, which would 
comprise actual geometric and mechanical behaviour within the engineering-relevant 
contacts, that is still greatly missing up to this days. 
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This thesis provides detailed experimental information on contact behaviour of realistic 
engineering-relevant multi-asperity surfaces under static loading conditions at a greater 
detail, than any study so far. For this reason in-situ contact analysis on the submicron scale 
that so far has not been introduced in the literature are presented. A variation of roughness, 
materials and their in-situ changes as a function of load has been analysed, using the new 
test rig that has been developed for this purpose. Furthermore, a part of the thesis covers 
experimental analyses of actual mechanical and geometric properties within the 
engineering contacts on a submicron and nano scale, which help us to understand the 
behaviour within the multi-asperity contacts on the relevant scale. Moreover, for the first 
time the actual contact behaviour of multi-asperity contacts of real surfaces are compared 
to theoretical predictions of the most well-known statistical contact models, which answers 
the question of relevance of the contact models for the realistic rough surfaces and realistic 
engineering loads. 
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2 Theoretical fundamentals 
When two nominally flat engineering surfaces are pressed against each other the contact is 
being formed over the irregularities of contacting surfaces, i.e. asperities. The number of 
contacting spots and resulting size of the real contact area strongly depends on the surface 
topography, material properties of contacting surfaces and contact loading conditions [1]. 
Despite all the efforts in the last half century it is still not quite clear how engineering 
surfaces behave when in contact. To provide the answers related to the actual contact 
behaviour within engineering contacts, researchers have used several different approaches. 
In general, these can be divided into two major groups; theoretical and experimental. 
However, irrespective of the method with which the problem of contact behaviour is 
addressed, it is of great importance to understand the background of the influencing 
parameters. Namely, how mechanical and topographic properties of contacting surfaces 
affect the actual contact behaviour under given loading conditions. 
 
In this chapter fundamentals on surface topography and contact mechanics are presented 
for a better understanding of the behaviour within the engineering contacts. In addition, the 
introduced background will help to understand why after so many years the contact 
problem is still not fully understood. 
 
 
2.1 Surface topography 
Irrespective of the surface treatment procedure the real engineering surfaces contain 
irregularities which can range from the macroscopic level down to the atomic scale [1, 3-
5]. Therefore, the topography of each surface consists of waviness (macroscopic 
irregularities), roughness (nano and microscopic irregularities), lay and flaws [1], Figure 
2-1. While flaws are unwanted and unintentional interruptions on the topography, lays 
present the oriented surface pattern that is determined by the surface treatment method. 
Usually, lays are caused by manufacturing procedures such as turning, sharping, grinding, 
and milling, which results in highly anisotropic surfaces. Waviness presents the surface 
features of longer wavelengths, which usually occur due to imperfect operation of a surface 
treatment tool (deflection, vibrations, chatter, etc.) and workpiece handling (deflection, 
heat transfer, etc.) [1, 6]. On the other hand, surface fluctuations of short wavelengths 
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result in roughness, which appears on micro and submicron scale. These irregularities may 
be characterized by peaks (asperities) and valleys of different size and shape. 
 
 
 
Figure 2-1: Real engineering surface with typical topographic irregularities. 
 
Since the topographic features of real engineering surfaces appears on many levels it is 
crucial to understand, which characteristics are important for a certain application. This 
further affects the decision whether topographic characteristics are treated individually or 
together. To be able to capture all required details surfaces must be precisely measured 
using one of the well-established and standardized measuring procedures. 
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2.1.1 Surface topography measurements 
To determine topographic properties of engineering surfaces various instruments can be 
used. Based on the measuring techniques the instruments can be categorized into following 
categories: 
 
- A contact type, where a component of the instrument is in a direct contact with the 
measured surface 
 
- A noncontact type, where the instruments perform topography measurements 
without a physical contact of the measured surface. 
 
Among all, the most commonly used instruments are the contact type. Although they are 
easy to use and enable fast measurements of the surfaces they also have certain 
deficiencies. Namely, when performing the measurement contact instrument may damage 
the surface, especially when the measured surface is soft, e.g. polymers. To overcome this 
shortcoming new instruments have been developed for a commercial use. Based on the 
physical principle existing techniques can be divided in the following categories; 
mechanical stylus method, optical methods, electrical methods, fluid methods and electron 
microscopy methods [1]. Nowadays, the most widely adopted methods for a surface 
measurements, besides the mechanical stylus, are optical methods based on the principle of 
the light interference (i.e. 3-D optical interferometer) and the atomic force microscopy 
(AFM). 
 
 
2.1.1.1 Stylus-tip profilometer 
The main component of the mechanical stylus instrument is the tip (stylus-tip 
profilometer), which is loaded against the surface to be measured. There are two types of 
the stylus-tip profilometer configurations. In the first case the stylus slides over the 
stationary measured surface at a constant speed. In another configuration the surface to be 
measured is transported and the measuring system is fixed. As the stylus or the specimen 
moves, the surface profile in lateral (x) and vertical (z) direction is recorded by the tip. The 
movement is simultaneously converted into the electrical signal with a linear variable 
differential transformer (LVDT) to which the probe is coupled. Furthermore, the analog 
output signal is amplified, filtered and digitalized [1, 3, 5] as shown in Figure 2-2. 
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Figure 2-2: Schematical presentation of the surface roughness measurement with the stylus tip 
profilometer and output signal processing. 
 
The quality of performed surface topography measurements is most affected by the stylus 
tip properties. Usually the diamond tips are made of diamond where typical tip radius and 
angle is in the range 0.1 µm – 25 µm and 60° – 90°, respectively. When measuring the 
surface topography the selection of the right stylus tip is crucial. Due to a finite size of the 
tip the measured surface profile is always distorted to some extent, Figure 2-3. A wrong tip 
selection may result in an exaggerated radius of a surface peak curvature or in the 
underestimated depths of valleys. Therefore, the use of stylus profilometers is limited for 
the topography measurements when peaks and valleys of the analysed surfaces have 
curvature lower than 1 µm and slopes steeper than 45° [1]. Another limitation presents the 
material properties of the diamond tip. Although the stylus tips are loaded against the 
measured surface with a load as low as 0.05 mg, a sharp diamond tip can easily scratch soft 
materials such as polymers, silver, gold and lead which results in a damaged surface and 
measurement errors [7]. 
 
 
 
Figure 2-3: Distortion of the profile due to the geometric limitations of the stylus tip. 
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2.1.1.2 3-D optical interferometer 
The stylus tip profilometer allows to measure only one 2-D (e.g. x-z) profile at a time. To 
obtain a 3-D topography of the surface mechanical profilometer must measure several 2-D 
profiles, where for each measurement the stylus is moved in the y direction. A 3-D 
topography is then obtained by stitching the measured 2-D profiles. However, this method 
is time consuming and it results in errors due to movement in y-direction after each 
measurement. 
To perform accurate and fast measurements of 3-D surface topography non-contact optical 
techniques should be used. Nowadays, probably the most common type of optical 
techniques for the surface measurements presents 3-D optical interferometry. 3-D optical 
interferometers work on the principle of the light interference. The light beam travels from 
the light source through the microscope to the objective. Within the objective there is an 
interferometer. The most common type of 3-D optical interferometers are Mirau’s and 
Michelson’ interferometer. When the light beam reaches the interferometer the part of the 
light is redirected to the reference (highly polished) mirror while the rest proceeds to the 
measured surface. On return the reflected light from the analysed surface interferes with 
the reflected light from the reference. The resulting interference pattern is detected by the 
charge-coupled device (CCD) and further post-processed. The working principle of 3-D 
optical interferometer is schematically presented in Figure 2-4. 
 
 
 
Figure 2-4: Schematical presentation of the working principle of 3-D optical interferometer [1]. 
 
Based on the principles of operation 3-D optical interferometry can be categorized as a 
phase shifting interferometry (PSI) or vertical scanning interferometry (VSI). In the case of 
PSI a single wavelength (λ) light (e.g. green light) is used to capture a 3-D topography. The 
surface measurement is generated due to the phase difference between the interfering beam 
from the measured surface and the reference. Such technique is suitable for measuring very 
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smooth surfaces where surface height differences must be smaller than 1/4 of the source 
light wavelength. For rough surfaces, where differences in topographic features exceed the 
limitations of the PSI measuring range, VSI mode must be selected. With VSI technique 
the surface measurements are performed based on the interference between the reference 
beam and the one coming from the scanned surface, which is being shifted in the vertical 
direction. Due to the vertical movement of the sample only a single surface height is being 
measured in a certain position. Therefore, to accurately determine the surface features with 
a VSI mode, a large number of measurements with a high resolution are required [1, 7]. 
 
The limitation of the optical interferometry technique is related to the reflectance of the 
measured surface. Namely, only the surfaces that reflect the light can be analysed with the 
optical interferometers. Therefore, this method cannot be used to measure the topographic 
properties of transparent bodies (e.g. glass window). 
 
 
2.1.1.3 Atomic force microscope – AFM 
Atomic force microscope (AFM) is a type of microscope with a resolution in the range of 
nm. According to the working principle the AFM is similar to the stylus-tip profilometer. 
Operation mode of the AFM can be either contact [8], where tip is in physical contact with 
the measured surface, or non-contact [9], in which the tip is brought into proximity of the 
surface. The main components of the AFM present a sharp tip, cantilever, laser and a 
deflection sensor (e.g. photodiode). To perform a measurement the tip slides (contacting or 
non-contacting) over the surface to be measured. The tip, which is usually made of silicon, 
and has a radius of a few nm is mounted on the cantilever. Atomic forces between the tip 
and the surface cause the cantilever to deflect in agreement with the Hook’s law. A 
deflection of the cantilever due to the tip transportation is detected by a laser beam, which 
is reflected from the cantilever on the sensor photodiode, as presented in Figure 2-5. The 
three-dimensional profile of the measured surface is obtained the same way as with stylus 
tip profilometer; by stitching measured 2-D profiles along the third dimension. The main 
limitation of the AFM presents the scan range, which is typically limited to ≈ 100 µm × 
100 µm and ≈ 10 µm in lateral and vertical direction, respectively [1, 7, 10]. 
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Figure 2-5: Schematical presentation of the working principle of Atomic force microscope. 
 
Nowadays all three presented techniques are commonly used for a topographic 
characterization of the engineering surfaces. The selection of the most suitable method 
strongly depends on the topographic and material properties of the analysed specimen as 
well as on the advantages and limitations of each technique. Probably the most important 
feature for the accurate topography measurements presents instrument’s lateral and vertical 
resolution. In the Table 2-1 typical values of resolutions are presented for each technique. 
Moreover, Figure 2-6 shows how measured roughness parameters can vary in dependence 
of measuring technique. The presented roughness parameters are explained in the next 
chapter. 
 
Table 2-1: Comparison of typical topography measuring instruments in terms of resolutions, [1]. 
 Resolution (nm) 
 Lateral Vertical 
Stylus tip instrument 15-100 0.1-1 
3-D optical interferometer 500-1000 0.1-1 
Atomic force microscope 0.2-1 0.02 
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Figure 2-6: Surface profile measured with (a) an AFM, (b) stylus-tip profilometer with a 0.2 µm 
radius stylus tip, (c) stylus-tip profilometer with a 5 µm radius stylus tip and (d) optical 
interferometer, [7]. 
 
 
2.1.2 Topography characterization in contact analyses 
In a common engineering approach surface topography is most often characterized by the 
2-D roughness parameters (e.g. Ra, Rq, Rsk, Rku, etc.) according to the ISO 4287 standard 
[11] or 3-D spatial parameters (e.g. Sa, Sq, Ssk, Sku, etc.) according to the ISO 25178 
standard [12]. While the 2-D parameters are determined from the measured two 
dimensional roughness profiles, the spatial parameters are obtained from the 3-D 
topography of the analysed surface. 
 
However, in case of contact behaviour analyses aforementioned parameters are not 
sufficient for the comprehensive characterization of the surfaces. These parameters mainly 
describe the surfaces in the vertical direction and do not provide adequate information 
about the surface features, namely asperities, which are involved in the real contact area 
formation. Therefore, a different type of characterization must be adopted to properly 
describe the surface features, which influence the contact behaviour. 
 
Ever since the researchers have started to theoretically investigate the phenomena of the 
real contact area for the multi-asperity contacts, they tried to approximate a complex 
topography with a simplified but still sufficiently accurate geometry. Up to now the most 
established approaches for topography characterization in contact behaviour analyses are 
statistical, fractal and deterministic. 
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2.1.2.1 Statistical approach 
When the surface is captured with one of the standardized procedures the measured profile 
or topography is usually provided with a height distribution function z(x) or z(x,y). The 
surface measurements can be time consuming and sometimes they are impossible to be 
employed. Therefore, it is the aim of the researchers to set a generalized mathematical 
function, which would describe the common distribution functions for a broad range of 
engineering surfaces. In 1966 Greenwood and Williamson published a famous 
Greenwood-Williamson (GW) contact model where for the first time the contacting 
surfaces were characterized with a statistical approach [13]. The approach was established 
based on the observation that engineering surfaces prepared by a standard machining 
process (e.g. grinding or polishing) can be characterized by a random topography [14]. In 
[13] the statistical approach was introduced to describe the probability distribution of 
asperity heights. Note that asperity heights and surface heights are not the same. While the 
surface heights are obtained directly from the measurements, asperity heights address only 
surface peaks, which are identified by the asperity criterions described later on. Although 
most of the theoretical contact analyses more frequently consider asperity heights, it has 
been shown in the literature that surface and asperity heights behave similarly [15-18]. 
 
Experiments conducted by [13] showed that most of the standard machining processes 
result in symmetric Gaussian distribution of asperity heights (ϕ(zs)), which can be written 
as 
 ϕ(zs)=
1
√2πσs
exp [-0.5 (
zs −𝑚
σs
)
2
] (2.1) 
 
where zs and σs present asperity heights and standard deviation of asperity heights, 
respectively. σs is defined as 
σs=√
1
L
∫ (zs-m)2dx
L
0
 (2.2) 
 
L denotes the sampling length and 𝑚 presents the mean of the measured profile. 
 
By substituting zs with z and σs with σ the distribution function of the surface heights,  ϕ(z) 
can be obtained. 
 
An engineering surface, prepared with grinding and polishing procedure, is presented in 
Figure 2-7-a. Figure 2-7-b shows that a Gaussian distribution is actually a fair 
approximation of actual distribution of surface heights. 
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Figure 2-7: (a) Surface topography of engineering surface (Sa = 0.62 µm) and (b) comparison of its 
heights with Gaussian distribution. 
 
The Gaussian distribution was later adopted by several other researches [13, 19, 20] and 
still presents one of the most commonly assumed statistical distributions of asperity or 
surface heights. In contrary, it has been shown that many machining procedures (e.g. 
turning, electrical discharge machining, milling, etc.)  result in asperity and height 
distributions, which cannot be treated as Gaussian [1, 4, 18]. Moreover, in some cases 
asperities exhibit Gaussian-type height distribution although they are asymmetric [4, 21]. 
For this particular reason other statistical distributions have been proposed. In [22, 23] 
asperity heights distribution is described by a two-parameter Weibull probability density 
function. With a proper parameters selection this function can approximate both, 
symmetric and asymmetric distributions. Another function that is suitable to describe an 
asymmetric asperity heights distribution is Pearson’s distribution [24, 25], while simpler 
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exponential distribution was proposed as a substitute for the Gaussian distribution since it 
allows for a closed-form solution [13, 15, 26]. 
 
To approximate the function of the asperity or surface heights with a known statistical 
distribution particular input parameters are required. For example, the shape of the 
Gaussian distribution is defined by a 𝜎𝑠 or 𝜎 parameter [13], while in the case of Weibull 
distribution an asymmetry is defined by the skewness (𝑅𝑠𝑘 or 𝑆𝑠𝑘) or the kurtosis (𝑅𝑘𝑢 or 
𝑆𝑘𝑢) parameter [15]. A great thing about the surface characterization with a known 
statistical distribution presents the fact that the input parameters can be usually obtained 
directly from the measurements.  
 
Although it is of great importance to approximate the distribution of asperity or surface 
heights with a proper statistical function, the distribution of heights itself is not a sufficient 
input parameter for a comprehensive characterization of the surface. Thus, the surface 
amplitude information must be supplemented by the parameters that describe the surface 
properties in lateral direction as well. In the literature [13, 27-31] engineering surfaces 
described with a statistical approach are usually assumed as shown in Figure 2-8. In vast 
majority of studies the actual geometry of asperities is replaced by a simplified geometry. 
These are usually hemispherical [13], conical [32] or paraboloidal [33]. While in some 
studies [34-37] it is assumed that the shape of asperities variate with their heights, most of 
the studies consider asperities with the same tip radius. 
 
Since the asperity identification presents one of the biggest challenges in the field of 
contact analyses, which is not related only to statistical approach of surface 
characterization, it is addressed separately in Chapter 2.1.3. 
 
 
 
Figure 2-8: Statistically characterized (a) three-dimensional engineering surface [31] and (b) a two-
dimensional profile. 
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2.1.2.2 Fractal approach 
Although the statistical approach is very convenient to characterize engineering surfaces, 
especially due to its ease of implementation, the usefulness is very limited. The main 
concern regarding the statistical characterization of the surface presents assumptions and 
simplifications of the asperities’ geometry and height distribution. Moreover, it has been 
shown [38-43] that statistical surface parameters strongly depend on the resolution of the 
measuring instruments. This further indicates that the topographic features appear on many 
levels; from sub-nano to macro scale, which is shown in Figure 2-9. Therefore, to 
accurately investigate the effect of surface properties on the contact behaviour, these must 
be retained at all scales. To do so, multi-scale characterization methods need to be 
considered. In the theoretical investigations of the real contact behaviour the multi-scale 
nature of engineering surfaces was first addressed in the 1990s when contacting surfaces 
were described by fractal geometry [44-47]. 
 
 
 
Figure 2-9: Surface roughness as seen on different scales [48]. 
 
The main idea of the fractal approach is to characterize the surface topography in a scale-
independent manner [49]. Moreover, the use of fractal methods enables surface 
characterization at all levels within the fractal regime based on the one-scale measurement. 
According to the fractal analysis each surface can be adequately described by two 
instrument-independent parameters which are unique for each surface [1]. Namely, the 
parameter G and D which present the fractal roughness and fractal dimension, respectively 
[50]. The typical values of the parameter G are between 0.1×10-9 and 12.5×10-9 m and they 
depend on the surface treatment procedure. On the other hand the parameter D has values 
between 1 and 2 when analysing two-dimensional profile of the surface (1 denotes straight 
line, while in the case of ground surface this value is around 1.6 [49]) or between 2 and 3 
when the three-dimensional topography is analysed [51, 52]. The function which 
Macro 
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characterize the variation of surface height along the x-axis with a consideration of the 
fractal parameters is Wierstrass-Mandelbrot’s (W-M) function [44]. 
 z(x)=G(D-1) ∑
cos2πγnx
γ(2-D)n
∞
n=n1
 (2.3) 
 
where parameter γ determines the density of the spectrum (usually 1.5 [53]), γn are the 
frequency modes related to the roughness wavelength and n denotes the frequency of the 
profile (e.g. n1 presents the lowest frequency of the profile [38, 44]), which depends on the 
sampling length [49]. 
 
The most demanding task with the fractal characterization of the surface topography is to 
determine the parameters G and D. A common approach to obtain the parameters G and D 
is from the power spectrum of the W-M function, which is given by [49, 54, 55] 
 S(f)=
G2(D-1)
2 ln γ
1
f
 (5-2D) (2.4) 
 
where f denotes the frequency of the roughness. 
 
There have also been several attempts to evaluate the D from the measured 2D profile [56-
60]. However, the main problem with these techniques presents the fact that the true or 
nominal D of analysed surface is unknown [49, 60]. On the other hand, several algorithms 
have been proposed to determine the D of 3D topographies [41, 54, 61-64]. These models 
are suitable for isotropic surfaces while they do not work well with anisotropic ones [49]. 
Further improvements in the fractal methods [65-68] also enabled to describe the 
anisotropic surfaces. Despite all the efforts to characterize the engineering surfaces with 
the fractal approach none of the existing algorithms provide a general solution for the full 
description of a particular surface topography [49]. 
 
 
2.1.2.3 Deterministic approach 
Both aforementioned approaches, especially statistical, enable to characterize the 
complexity of true engineering surfaces with only few parameters. These methods are 
convenient to describe important trends in the effect of surface features on the contact 
behaviour, although their efficiency is limited. Namely, both approaches consider several 
geometric assumptions and simplifications i.e. asperity geometry, height distribution, 
interactions between adjacent asperities. Another difficulty with both methods presents the 
fact that there exist several different approaches to estimate the surface parameters wherein 
it is still not clear which is the most accurate one [14, 69]. To overcome these issues in 
contact analyses the actual surface geometry should be considered [70]. The approach 
where a shape and a position of each asperity on the real surface is uniquely characterized 
is known as deterministic [14]. 
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Figure 2-10: Reconstruction process of the measured real surface (a) original surface, (b) 
reconstructed by the wavelet transform and (c) the modelled surface to be used in further contact 
analysis [70]. 
 
The development of powerful computers and software has enabled to perform contact 
analyses with a consideration of the directly measured surface profiles or topographies [69-
78]. In this approach a real surface is first measured using one of the topography measuring 
instruments. Next, the captured surface topography is imported in the proper software. To 
perform contact analysis the digitalized topography is either discretized into small 
elements which correspond to the different points of analysed surface heights [71, 72, 75] 
or reconstructed by different numerical techniques [70, 79-81], Figure 2-10. The least 
computationally demanding technique to deterministically characterize the measured 
surface was proposed by [80]. With this method asperities on the surface must be identified 
first. In the following step the relevant asperity peaks are replaced with simplified 
geometric shapes (e.g. hemispheric, ellipsoidal, etc.), as presented in Figure 2-11. At first 
glance the statistical approach and the deterministic method suggested by [80] are similar. 
However, since the geometry of each recognized asperity is determined individually and 
the asperity heights are obtained from actual topography measurement the proposed 
deterministic approach more accurately describes the surface. 
 
 
 
Figure 2-11: Schematical presentation of a rough surface as characterized in common deterministic 
contact models [82]. 
(a) 
(b) 
(c) 
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Although it seems that the deterministic methods most thoroughly describe the actual 
engineering surfaces some drawbacks are also related to this type of surface 
characterization. Namely, each deterministically reconstructed surface corresponds only to 
the specific surface. Consequently, the procedure cannot be generalized [83]. Another 
issue, related to the approach of [80], is the same as in the case of statistical method. 
Despite the existence of several criterions for asperity identification (described in the 
following chapter) it is still not clear, which is the most accurate one [82]. 
 
 
2.1.3 Asperity identification criteria 
Ever since the researchers have started to investigate the phenomena of the real contact 
area for the multi-asperity contacts, the behaviour is assumed to be strongly dependent on 
the geometric properties of asperities [1, 49, 84]. Although it is generally known that the 
behaviour within engineering contacts is influenced by the number, shape and size of the 
contacting asperities, up to now no standardized definition of an asperity exists. The main 
reason for the lack of a unified definition of an asperity lies in the fact that the real contact 
area is a scale-dependent phenomenon, as seen in Figure 2-12. Consequently, the 
identification of relevant asperities does not depend only on our capability to recognize 
them on the engineering-relevant level but also to determine their influence on the contact 
behaviour, namely load-carrying capacity, electrical and thermal conductivity, etc. [85]. 
 
 
 
Figure 2-12: Schematical presentation of the multi-scale nature of the real contact area at different 
magnifications of the contact. 
 
Another problem of developing a unified asperity criterion is related to asperity geometry. 
As shown in Figure 2-13-a, each asperity on an engineering surface has a unique geometry. 
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Nevertheless, at least close to their tips they can be fairly approximated with a simplified 
geometric shape (i.e. hemisphere [13], cone [32], paraboloid [33]), Figure 2-13-b. 
Consequently, in vast majority of the literature asperities are assumed to have such 
simplified shape, which under certain conditions (e.g. large contact loads) can introduce an 
additional error in contact behaviour analyses. 
 
 
 
Figure 2-13: (a) A 2-D surface profile of actual engineering surface and (b) an approximation of 
actual asperity geometry with a simplified hemispherical shape. 
 
Despite a lot of ambiguities about the asperities identification, some researchers managed 
to develop several criteria to quantify and characterize relevant asperities. The most 
commonly used are presented in the following subchapters. 
 
 
 
(a) 
(b) 
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2.1.3.1 Spectral moment approach 
In the statistical approach surfaces are commonly characterized by means of the average 
asperity-peak radius (R), asperity-peak density (η), which presents the number of asperities 
(N) on the analysed area (An), and standard deviation of asperity heights (σs) [86]. To 
determine these parameters, McCool [87, 88] proposed an approach based on calculations 
of spectral moments (m0, m2 and m4), which are employed from a measured surface z(x) or 
z(x,y). With this method, R, η and σs of the analysed three-dimensional topography are 
determined from a single arbitrary two-dimensional cross section [77]. According to [88] 
R, η and σs are calculated as 
 η= (
m4
m2
) /6π√3 (2.5) 
 
 R=0.375(π/m4)
1/2 (2.6) 
 
σs= (1-
0.8968
α
)
1/2
m0
1/2 (2.7) 
 
where 
 
m0=AVG[z
2] (2.8) 
 
m2=AVG [(
dz
dx
)
2
] (2.9) 
 
m4=AVG [(
d
2
z
dx2
)
2
] (2.10) 
 
AVG denotes the arithmetic average and bandwidth parameter (𝛼) is given by 
 
 α=
(m0m4)
m2
2
 (2.11) 
 
Such approach can be used when analysed surfaces are isotropic and the surface 
topography can be represented by a random two-dimensional cross section of that surface. 
However, it has been shown [33, 38, 77] that calculated parameters can vary considerably 
if the surface is not perfectly isotropic, which is usually the case with actual surfaces. To 
overcome this limitation it was suggested by several authors [33, 38, 77, 89, 90] that R, η 
and σs of the measured surface can be calculated by averaging the parameters computed 
over a discrete number of cross sections along the particular direction. 
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2.1.3.2 Summit identification methods 
The second commonly used method for surface parameters computations is based on 
individual identification of asperities as local maxima of z(x) or z(x,y) [17, 85, 91-93]. This 
approach is suitable not only to calculate input parameters for statistically characterized 
surfaces, but also to analyse geometry of each asperity individually, which is typical of 
deterministic method. 
 
Although there exist several criteria to identify the relevant asperities it is still not clear 
which scheme is the most accurate. The problem originates in the fact that when in contact 
not all asperities influence the contact behaviour. While the relevant asperities influence 
the deformations and carry the load, some (irrelevant) asperities may not contribute to the 
contact behaviour [85]. Therefore, it is crucial for the realistic theoretical analyses, where 
the contact behaviour predictions are strongly dependent on the geometric properties of the 
asperities, to identify only the relevant asperities. Existing criterions for the relevant 
asperity identification can be categorized into two groups; criterions for identifying 
asperities based on a two-dimensional profile [85, 91, 94, 95] or three-dimensional surface 
[7, 17, 43, 93, 96, 97]. Even though topography characterization with 2D parameters is still 
highly relevant in academia and industry [85] surface parameters obtained from the three-
dimensional topography provide more accurate information about the measured surface. 
Therefore, only different criteria for asperity identification in 3D are further discussed. 
 
3D surface topography can be measured with different instruments (see Chapter 2.1.1). 
Usually, the measurements consist of a matrix of discrete points, which reflect the 
locations on actual surface, and the value at each point indicates the measured height. In 
existing criteria asperity-peak is defined as a point that lies above the mean value of the 
surface heights and is higher than the neighbouring points [93], Figure 2-14. 
 
 
 
Figure 2-14: Schematical presentation of the asperity identification according to the 5-point-peak 
criterion in 3-D [93]. 
 
According to the 5-point-peak (5PP) criterion [17, 38, 91, 93, 98] asperity is defined as  
zi,j>zi-1,j;zi+1,j;zi,j-1;zi,j+1 (2.12) 
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zi,j>𝑚3𝐷 (2.13) 
where zi,j presents the coordinate of measured topography and 𝑚3𝐷 denotes mean of the 
measured 3-D surface heights. 
 
It was shown in the work of Greenwood [91] that asperities may also be misidentified 
when using a 5PP criterion. Figure 2-15 shows two cases of “false” asperity identification. 
In the first example (Figure 2-15-a), a saddle between two “real” asperities is recognized as 
an asperity. Figure 2-15-b presents the case where a ridge of the relevant asperity is 
identified as an asperity peak. 
 
 
 
Figure 2-15: Misidentified asperity where the asperity peak is recognized on (a) a saddle between 
two »real« asperities and (b) a ridge of actual asperity [91]. 
 
Due to the limitations of the 5PP criterion, 9-point-peak (9PP) criterion is proposed as a 
more accurate tool to identify the asperity peak. Based on the 9PP criterion [17, 43, 94, 
96], the following conditions must be meet to recognize a point as an asperity-peak 
zi,j>zi-1,j;zi+1,j;zi,j-1;zi,j+1;zi-1,j-1;zi-1,j+1;zi+1,j-1;zi+1,j+1 (2.14) 
zi,j>𝑚3𝐷 (2.15) 
 
 
Furthermore, when surfaces are measured by a stylus-tip profilometer or AFM, which 
allow to perform sampling at different starting point and different pacing between 
measured profiles, a triangular and a hexagonal asperity-peak criteria can also be used 
[99]. Asperity-peak identification with additional criteria is presented in Figure 2-16. 
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Figure 2-16: (a) 4-point-peak and (b) 7-point-peak criterion for the asperity-peak identification 
[93]. 
 
According to the literature [91, 93, 94, 99, 100] the most common way to characterize the 
surface is with a 5PP or 9PP criteria. Although it was suggested that the 9PP criterion 
presents the most accurate criterion for asperity-peak identification [38], this has not been 
proved yet. In [93] authors proposed two modified 3-D asperity-peak criteria, a restrictive 
9PP and a modified 5PP criterion, where additional conditions are implemented. Namely, 
in the case of restrictive 9PP criterion each corner point must be lower than the two 
neighbour-points which are adjacent to the each corner. This additional condition allows to 
identify only those asperities which have enough volume to actually carry the load [93]. 
Modified 5-point-peak criterion considers as an additional condition the height difference 
between the asperity-peak and neighbouring points. Thus, the smallest height difference 
between the asperity peak and neighbouring points must be larger than the predefined 
peak- threshold value [93]. Once the asperities are recognized by one of the 
aforementioned criterions the geometry of each asperity can be determined by different 
approaches [85, 93, 101]. 
 
 
(a) (b) 
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Figure 2-17: The influence of different asperity-peak criteria selection on the (a) number of 
asperities, (b) asperity-peak radius and (c) standard deviation of asperity-peak heights [86]. 
 
Figure 2-17 shows how a selection of different criteria influences the calculations of 
topographic parameters. The in-depth analyses of different criteria in [86, 93] revealed that 
the surface roughness, lateral resolution of the measurement and the choice of different 
criteria can significantly affect the surface topography parameters. Furthermore, the 
influence of asperity-peak criterion selection on the contact parameters calculations was 
(a) 
(b) 
(c) 
Theoretical fundamentals 
26 
investigated by [77], who showed that calculated contact conditions vary significantly and 
are strongly influenced by the topographic input parameters. 
 
 
2.2 Material parameters 
In engineering systems the use of metals and their alloys, such as steel or aluminium 
alloys, has been predominant for centuries [102]. However, new materials, like polymers 
and their composites, are gaining on reputation and importance due to their many excellent 
properties such as easy manufacturing processes, reduced noise level, low weight, 
chemical inertness, low costs for high-volume production and good tribological properties 
[103, 104]. Consequently these materials are entering in many engineering applications. 
However, replacing conventional metals with polymers can significantly influence, among 
many other properties, also the contact behaviour between two components. Before the 
contact mechanics of real engineering surfaces is introduced, relevant material properties 
must be understood. It is common knowledge that the mechanical response of the 
contacting surfaces is governed by elastic modulus, which describes response in elastic 
deformation regime; strength or hardness, which is commonly related to the behaviour in 
non-elastic deformation regime; and the toughness, which presents the ability of a material 
to absorb energy due to loading [105-107]. While the latter has not been commonly 
addressed in the studies of contact mechanics, a lot of attention has been devoted to the 
effect of the rest parameters. 
 
Each component in contact is subject to loads. These loads are acting on an area, which 
results in stress (σ) induction within the material. These stresses can be either normal 
(tension or compression) or shear. Induced stresses result in material deformations. The 
ratio between a deformation and original size is known as strain (ε). The stress-strain 
relationship for a certain material is usually obtained by different standardized tensile tests, 
and is usually presented on a stress-strain curve [108]. 
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Figure 2-18: Theoretical stress-strain curve typical of ductile metals. 
 
Figure 2-18 shows theoretical stress-strain curve, which is usually obtained for metals, 
where two regions are distinguished. In the first region stress-strain dependence is linear 
and deformation of material is elastic. The slope of the line is expressed with Young’s 
elastic modulus (E), E=σ/ε. While a low E is typical for very elastic materials (i.e. rubber; 
≈ 106 MPa), high E value corresponds to non-elastic materials (i.e. SiC ceramic: ≈400∙109 
MPa) [107]. 
 
Another material property, which is related to the strain property of the material, is 
Poisson’s ratio (υ). It is defined as a ratio between the lateral (ε2) and axial strain (ε1), 
Figure 2-19. Common materials exhibit υ value between 0.10 and 0.50 (for most metals 
between 0.25 and 0.30) [109]. 
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Figure 2-19: Schematical presentation of a component subjected to a load, which results in lateral 
(ε2) and axial (ε1) strain. 
 
In the elastic deformation regime strain is reversible, i.e. after the load is removed, the 
deformed solid returns to its original shape. However, at certain stress the plastic 
deformation is initiated. This phenomenon occurs when the stress is equal to the yield 
strength (Y) of the solid. While in the case of softer ferrous materials (i.e. low carbon steel) 
and some polymers the transition from elastic to non-elastic deformation regime is evident, 
for most of ductile metals and alloys yield strength is not well defined [102]. For such 
materials the yield strength is determined as a stress that causes 0.2 % of strain, when the 
stress is removed [107].  
 
The measure, which is commonly related to the material strength, is hardness (H). It is 
defined as 
H=
Pindent
Aindent
 (2.16) 
 
where Pindent denotes normal force of the indenter, which is used to measure the hardness 
and Aindent presents the projected area of the indent. 
 
Up to now, the relationship between hardness and yield strength has not been explicitly 
defined. In the literature [84, 107, 110, 111] the H/Y ratio ranges between 2.8 and 3. 
Moreover, the measured hardness depends on the measuring technique [107]. There exist 
several standardized procedures to measure material hardness, such as Vickers test, Brinell 
test, Knoop test, Rockwell test, etc., which differ from each other based on the indenter 
shape and their usability for testing various materials. 
 
When the applied stress initiates plastic deformation, dislocations within the crystal 
structure of the material occurs. Consequently, the material becomes harder and stronger. 
This phenomenon is also known as work or strain hardening. The effect of work hardening 
takes place as long as stresses can cause dislocations. It is typical of metals, however it was 
also shown that it occurs in polymers as well [112]. As a consequence of the work 
hardening, hardness and yield strength increase [109, 113]. Therefore, hardening can have 
𝜀2 
𝜀1 
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a significant impact on the contact behaviour and should thus be considered in contact 
analyses [114-116]. 
 
Since the contact behaviour is influenced by the joint contribution of the aforementioned 
material parameters some researchers have also emphasized the importance of the 
cumulative effect of these parameters. Namely, it has been shown that a behaviour within 
the contact is affected by H/E ratio [13, 107, 117], which is known as elastic limit of strain. 
In [13] authors introduced the plasticity index criterion with which they showed that H/E 
ratio influences the deformation regime of contacting asperities. The criterion is described 
later on in Chapter 3.1.1.1. In another studies [115, 118-120] researchers showed that the 
Y/E ratio, which represents elastic strain capacity, also effects the behaviour of contacting 
asperities. 
 
 
2.2.1 Nanoindentation 
To investigate how strain hardening of the contacting surfaces affects the contact 
behaviour, proper method must be selected. According to the fact that asperities appear on 
the micro or even submicron scale, the most adequate technique to determine material 
properties is nanoindentation. 
 
Nanoindentation technique was developed in 1980’s [121, 122] due to the need of 
measuring mechanical properties of thin films and surface layers. The nanoindenter 
enables sensing of nanoscale loads and displacements (h), which makes it suitable for 
precise material changes analyses on the submicron scale, i.e. small volumes of materials. 
Nanoindentation procedure uses the depth sensing data of an indenter penetrating into the 
specimen together with the measured applied load. From the load-displacement data many 
mechanical properties can be obtained, such as elastic modulus, hardness, creep, 
viscoelastic properties, stress relaxation, fracture toughness, interfacial adhesion etc.   
 
During the nanoindentation test nanoindenter slowly moves in vertical direction into the 
sample. Due to the certain indentation load nanoindenter creates on the surface an indent. 
For the purpose of nanoindentation a sharp and very hard diamond indenter tips are used. 
Most commonly Berkovich tip is used for nanoindentation [123]. With the process of 
nanoindentation we can measure both elastic and plastic properties of the sample. From the 
obtained data of indentation load and displacement, which is captured during loading and 
unloading step, the load – displacement (penetration depth) curve is generated [124]. At 
initial indentation loads the sample deforms elastically, which at larger loads is also 
accompanied by plastic deformation. Due to the presence of plastic deformation an indent 
remains on the surface after unloading. The curve which is obtained during the loading 
step provides the information about the elastic and plastic properties of the analysed 
materials. On the other hand, the unloading curve depends on elastic/plastic deformation 
and the share of recovered material to its original shape. Typical loading-unloading curve, 
obtained with nanoindentation procedure, is presented in Figure 2-20-a. To determine the 
nanohardness maximum indentation load (Pindent(max)), maximum penetration depth (hmax) 
and elastic stiffness at unloading (S) must be measured. The accuracy of calculated 
nanohardness depends on our capability to experimentally evaluate these parameters. 
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Another parameter, relevant for nanoindentation measurements, is hf, which presents the 
depth of the indent after the unloading [125], Figure 2-20-b. 
 
 
 
Figure 2-20: (a) Indentation load versus penetration depth curve obtained with nanoindentation 
during loading-unloading process and (b) schematical presentation of the nanoindentation process. 
 
To calculate the nanohardness, contact depth hc must be determined first. It presents the 
depth of the indenter in contact with sample under the applied load. The total penetration 
depth (hmax) includes not only hc but the deformation of the sample around the indenter (hs) 
as well. This can be expressed as 
hs=λ(Pindent(max)/S) (2.17) 
 
where λ denotes geometric factor of the indenter shape (0.72 for conical; 0.75 for 
paraboloidal and 1 for flat indenter shape). From a detailed schematical presentation of the 
nanoindentation process in Figure 2-20-b, hc is defined as 
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hc=hmax-hs (2.18) 
 
It follows that 
hc=hmax-(λPindent(max)/S) (2.19) 
F(h) is a function of the surface, which presents the projected area of the indent at a 
distance h with respect to the back of the indenter tip. Therefore, the contact area between 
the indenter and sample is 
Aindent=F(hc) (2.20) 
When the Aindent is calculated one can determine the nanohardness with the following 
equation: 
Hnano=
Pindent(max)
Aindent
 (2.21) 
 
When comparing hardness, measured on different scales (i.e. macro, micro or nano), 
values may deviate significantly. It was widely discussed in [126-130] that the differences 
in hardness occur due to different size and shapes of indenters, different loads, different 
homogeneity of the sample at different scales, different methods used in defining the 
contact area, etc. 
 
 
2.3 Fundamentals of contact mechanics 
When two surfaces are placed in contact, contact area is formed over certain number of 
asperities. An increase of contact load causes surfaces to move closer together. With 
increasing proximity of contacting surfaces a larger number of asperities come into contact 
and existing contacts grow to support the increasing load. When in contact, asperities 
deform, which results in establishment of the stresses opposing the applied load. In general 
the mode of asperity deformations, for a broad range of engineering-relevant materials, can 
be elastic, elasto-plastic, plastic, viscoelastic or viscoplastic. Consequently, the behaviour 
of contacting surfaces strongly depends not only on topography and loading conditions but 
on their mechanical behaviour as well. 
 
To investigate contact behaviour of real engineering multi-asperity surfaces, which is 
strongly influenced by the joint contribution of differently deformed asperities, it is 
mandatory to first understand the fundamentals of a single-asperity contact mechanics. As 
already mentioned in Chapter 2.1.3, the shape of asperity tips is most commonly 
considered as hemispherical, since such geometry is also the most convenient to model 
[13, 70, 131]. Therefore, contact mechanics of such an asperity shape under different 
deformation regimes is explained in the following subchapters. 
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2.3.1 Hertz theory of elastic contact 
When asperities are lightly loaded and their material properties exhibit high resistance to 
deformation, they will undergo elastic deformation regime [84]. The problem of contact 
mechanics between two elastically deformed bodies of ellipsoidal profile was first 
described by Heinrich Hertz in 1882 [132]. Based on his findings, Hertz formulated 
relationships between deformation and contact pressure, which have not been changed ever 
since. In the Hertz theory certain assumptions are adopted, namely: 
 
- The surfaces are nonconforming, continuous and ideally smooth; 
- Contact stresses are caused by normal loads only; 
- The materials of contacting bodies are homogeneous; 
- During the loading the strains are small and the yield strength is not exceeded; 
- In the proximity of the contact region, each solid can be considered as an elastic half-
space; 
- The contacting surfaces are frictionless. 
 
 
 
Figure 2-21: Schematical presentation of the elastic contact between two spherical bodies due to 
normal load, as assumed in the Hertz theory [84]. 
 
Contact between two spherical bodies, as assumed in the Hertz theory, is schematically 
presented in Figure 2-21. Based on the assumption that strains are small during the loading 
the contact between two spheres can also be translated to the contact of two hemispheres, 
which is usually assumed geometry of asperity tips. Due to the compression, caused by a 
normal force (P), bodies move towards each other by vertical deformation ω1 and ω2, 
respectively. If the contacting bodies would not deform, their profiles would overlap 
(dotted line). However, since the elastic deformation is assumed for both bodies, this 
results in certain contact area. According to the Hertz theory the total deformation of 
P 
P 
𝜔 1 
𝜔 2 𝜔 
𝑅1 
𝑅2 
a a 
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contacting bodies (ω) is equal to ω1+ω2, which is usually called total interference. For the 
normally loaded contact of two hemispheres of radii R1 and R2, the contact area is circular 
with a radius a. According to Hertz formulations, this contact radius can be expressed as 
 a=
πp
0
R
2E*
= (
3PR
4E*
)
1/3
 (2.22) 
 
and the contact area between two hemispheres (asperities) is equal to 
 A=πa2=πRω (2.23) 
 
When 𝜔 is known, 𝑃 can be calculated by substituting equation (2.22) and equation (2.23) 
 P=
4
3
E*R1/2ω3/2 (2.24) 
 
In equation (2.22), equation (2.23) and equation (2.24) E* presents effective Young's 
modulus, which is defined as 
 
1
E*
=
1-ν1
2
E1
+
1-ν2
2
E2
   (2.25) 
 
where the parameters E1,2 and ν1,2 denote Young's moduli and Poisson's ratios of 
contacting bodies, 
 
R presents effective radius of curvature 
 
1
R
=
1
R1
+
1
R2
 (2.26) 
 
and p
0
 denotes maximum contact pressure, which is defined as 
 p
0
=
3
2
p
m
=
3P
2πa2
=(
6PE*2
π3R2
)
1/3
 (2.27) 
 
where p
m
 presents mean contact pressure. 
 
In the Hertz theory distribution of the contact pressure is elliptical 
 p(r)=p
0
(1- (
r
a
)
2
)
1/2
 (2.28) 
 
with the highest value at the center of the contact. 
 
Based on equation (2.22) and equation (2.23) one of the most important relationships was 
derived for the Hertz theory. Namely, the contact area between two spherical bodies is not 
linearly dependent on the normal load but it increases, following the equation 
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A∝P2/3 (2.29) 
 
Furthermore, substituting equation (2.22) into equation (2.23) also gives an expression for 
a total deformation of contacting bodies: 
 ω=
a2
R
= (
πp
0
2E*
)
2
R=(
9P2
16RE*2
)
1/3
 (2.30) 
 
From equations (2.22) – (2.30) contact pressure, contact load, contact area and deformation 
can be calculated for the contact of two elastically deformed hemispherical bodies, i.e. 
asperity tips. With a small modifications of presented equations contact conditions between 
one hemisphere (R1 = R) and one flat body (R2 = ∞), which is another type of commonly 
assumed asperity contact in the real contact area studies, can also be calculated. 
 
Next, stress distributions at the contact surface and within the bodies, due to the Hertz 
pressure, are presented for a contact of two elastically deformed hemispheres. Since the 
pressure for such a type of the contact is applied to the circular region, it is favourable to 
introduce corresponding stress field expressions with polar coordinates. First, expressions 
for the stress field in the surface (z=0) of the contact (r<a) are presented [1, 84]: 
 
σr
p
0
=
1-2ν
3
(
a2
r2
)(1-(1-
r2
a2
)
3/2
) -(1-
r2
a2
)
1/2
 (2.31) 
σθ
p
0
=-
1-2ν
3
(
a2
r2
)(1-(1-
r2
a2
)
3/2
) -2ν(1-
r2
a2
)
1/2
 (2.32) 
σz
p
0
=-(1-
r2
a2
)
1/2
    (2.33) 
 
where 𝜎𝑟, 𝜎𝜃, 𝜎𝑧 denote principal normal stresses. 
 
Stress field in the surface outside the contact (z=0 ,r>a) is calculated with the following 
equation: 
σr
p
0
=-
σθ
p
0
=
(1-2ν)a2
3r2
 (2.34) 
 
According to equations (2.31) – (2.33) all stresses are compressive except for radial stress, 
which is tensile outside the contact. The maximum value of σr occurs at the edge of the 
contact (r=a) and is equal to   
σr=
(1-2ν)p
0
3
 (2.35) 
 
The stress distributions within the contacting solids are shown in Figure 2-22-a. 
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Furthermore, the subsurface stresses along the z-axis are  
σr
p
0
=
σθ
p
0
=-(1+ν) (1- (
z
a
) tan-1 (
a
z
))+
1
2
(1+
z2
a2
)
-1
 (2.36) 
σz
p
0
=-(1+
z2
a2
)
-1
 (2.37) 
 
Stresses 𝜎𝑟, 𝜎𝜃, 𝜎𝑧 present principal normal stresses along the z-axis. The distribution of 
subsurface principal normal stresses is presented in Figure 2-22-b. However, in terms of 
deformations shear stresses are more problematic than normal stresses [133], as described 
later on. For the normally loaded contacts the principal shear stress occurs along the z-axis 
[84]. Its distribution is described with the equation 
τ1=
1
2
|σz-σr| (2.38) 
 
For the Hertzian contact the maximum principal shear stress occurs below the surface at a 
depth of 0.48∙a where its value is 0.31∙p
0
. This was first introduced for the materials with 
Poisson ratio ν=0.3 [84]. However, it was later shown [134] that the location and the size 
of the principal shear stress is not significantly influenced by the ν. The principal shear 
stress distribution along the z-axis caused by Hertz pressure is presented in Figure 2-22-b. 
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Figure 2-22: The stress distributions for steel (ν=0.3) (a) within the contacting solids (at the 
surface) and (b) along the z-axis caused by the Hertz pressure within the circular contact area with 
radius a [1]. 
 
 
2.3.2 Onset of plastic yield 
When two bodies are loaded together with a sufficiently small load they deform elastically 
according to the Hertz theory. If the load is further increased, contacting bodies may start 
to deform plastically. Additional load increase causes the growth of plastic deformation 
until the whole material surrounding the contact is plastically deformed. The load which 
causes an initiation of the plastic deformation (i.e. plastic yield or plastic flow) strongly 
depends on the yield strength of the softer body. The yield strength of the material is 
determined by a pure shear or simple tension test through one of the yield criterions. In the 
case of most ductile materials and sometimes even for brittle materials the most commonly 
employed yield criterions are Tresca’s maximum shear stress criterion and von Mises’ 
shear-strain energy criterion [133]. 
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According to Tresca’s criterion first yield occurs when the maximum shear stress is equal 
to the yield strength in pure shear or half the yield strength in simple tension, which 
describes the following equation  
max {
1
2
|σ1-σ2|,
1
2
|σ2-σ3|,
1
2
|σ3-σ1|}=ks=
Y
2
 (2.39) 
 
While in the case of von Mises’ criterion softer body starts to yield when 
J2=
1
6
{(σ1-σ2)
2+(σ2-σ3)
2+(σ3-σ1)
2}=ks
2
=
Y2
3
 (2.40) 
 
where 
σ1,σ2,σ3…principal stresses in the state of complex stresses 
ks…yield stress in simple shear 
Y…yield strength in simple tension or compression 
J2…second deviatoric stress invariant (√J2 presents von Mises stress in shear and √3J2 
refers to von Mises stress in tension). 
 
Based on the von Mises’ criterion yield initiates when J2 reaches the yield strength in pure 
shear or 1/√3 of yield stress in simple tension. Thus the yield strength in pure shear is 
1/√3-times the yield strength in simple tension. A comparison of Tresca’s and von Mises’ 
criterions shows that von Mises’ criterion predicts around 15 % higher pure shear yield 
strength. To determine which criterion better describes actual material’s behaviour, Lode 
performed experimental analyses for metal materials [135]. He showed that von Mises’ 
criterion is in better agreement with experimental results than other criterions. Although it 
was shown that the von Mises’ criterion more accurately predicts yield, Tresca’s criterion 
is still commonly employed due to algebraic simplicity and small differences between the 
results obtained by the two criterions [1]. 
 
It was aforementioned that for the contact of two hemispheres, which represent idealised 
shape of asperities, the maximum shear stress (0.31∙p
0
) occurs at a depth of 0.48∙a. This 
can be written as 
τ1=
1
2
|σz-σr|=0.31p0 (2.41) 
 
From equations (2.39) – (2.41) the value of p
0
, which initiates yield, can be calculated 
according to Tresca’s criterion 
(p
0
)
Y
=
3
2
(p
m
)
Y
=3.2k=1.60Y (2.42) 
 
and von Mises’s criterion 
(p
0
)
Y
=2.8k=1.60Y  (2.43) 
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The load, which initiates plastic deformation, can be expressed by substituting equation 
(2.42) and equation (2.43) into equation (2.27) 
𝑃𝑌 = 21.17𝑅
2𝑌 (
𝑌
𝐸∗
)
2
 (2.44) 
 
Furthermore, equation (2.27), equation (2.30), equation (2.42) and equation (2.43) give the 
formula to calculate the maximum total deformation of two bodies before they start to 
yield  
ωY=6.32R (
Y
E*
)
2
   (2.45) 
 
The point of initial yielding was later investigated by several authors who also derived 
more accurate expressions for asperity deformations in elastic-plastic deformation regimes 
[27, 136-138]. These studies are based on the von Mises’ and Tresca’s criterions and 
finding of Tabor [110], who showed that material starts to plastically deform when the p
0
 
is equal to 0.6∙H and p
m
 equals 0.4∙H, where H denotes hardness of the softer material. 
 
2.3.3 Fully-plastic deformation regime 
When the load is applied to the contact surfaces initially deform elastically. Increasing 
contact loads cause surface and subsurface stresses. At critical load PY maximum shear 
stress at subsurface (z≈0.48∙a) exceeds the critical shear stress of the solid, which initiates 
plastic deformation (Figure 2-23). 
 
 
 
Figure 2-23: Onset of plastic deformation below the surface of a hemisphere, surrounded by elastic 
material [139]. 
 
Once the yield occurs the contacting bodies undergo a combination of elastic and plastic 
(i.e. elastic-plastic) deformations. With increasing load the share of elastically deformed 
material is decreasing and plastic deformation grows towards the contact surface. When 
the plastic deformation reaches the surface the contact is fully plastically deformed. The 
P
Y
 
Plastic 
deformation Elastic 
deformation 
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phenomena of full plasticity was first analysed by the theory of slip-line field [140]. The 
first expression for the mean contact pressure, which causes full plasticity, was given for 
the case of indentation [110] 
p
m
=H=2.8Y≈3Y (2.46) 
 
According to the equation (2.46) the contact is fully plastically deformed when the mean 
contact pressure is equal to the H of contacting bodies. Once the full plasticity of the 
contact is reached, the mean contact pressure remains constant despite any further load 
increase. The relationship between H and Y is discussed in Chapter 2.2. The relationship 
provided by equation (2.46) was further discussed in [84, 141], where it was shown that the 
load necessary for full plastic contact deformation is 300 to 400-times larger than the 
critical load for yield initiation. Due to such a load increase the contact radius increases by 
10-times. Furthermore, it was shown in another study on the spherical indentation [142] 
that the fully-plastic deformation initiates when the contact area is around 100-times larger 
than the contact area at yield inception. 
 
Stress fields in the fully-plastically deformed contacts were set based on the analyses of 
deformations for the contact between a rigid indenter and elastic-perfectly plastic half-
space [143]. It was shown that the subsurface deformations of the half-space are roughly 
radial from the point of the first contact resulting in hemi-spherical contours of equal 
strain, irrespective of the shape of the blunt indenter (i.e. sphere, pyramid or cone) [141, 
143].  
 
 
 
Figure 2-24: Schematic presentation of the contact between the spherical indenter and elastic-
perfectly plastic half-space with corresponding deformation states [1]. 
 
Figure 2-24 shows the contact between spherical indenter and elastic-perfectly plastic half-
space with corresponding deformation states. The contact surface of the indenter is encased 
in a hemi-spherical core of radius a, within which a hydrostatic component of stress pm is 
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assumed. In this region material could not yield plastically [84]. Consequently, plastic 
deformation initiates outside the hydrostatic core (at radius a) and spreads into the 
surrounding material until the elastic-plastic boundary (at radius c, where c>a) is reached. 
In the region outside the core theory assumes that the stresses and deformations have radial 
symmetry. According to Hill [143] the stresses in the plastic zone (a ≤ r ≤ c) can be written 
as 
σr
Y
=-2ln (
c
r
) -
2
3
 (2.47) 
σθ
Y
=-2ln (
c
r
) +
1
3
 (2.48) 
 
while in the elastic zone (r ≥ c)  
σr
Y
=- (
2
3
) (
c
r
)
3
  (2.49) 
σθ
Y
= (
1
3
) (
c
r
)
3
  (2.50) 
 
From equation (2.47) contact pressure at the boundary between hydrostatic core and the 
plastic zone (r=a) is given by 
p
m
=-σr=2ln (
c
a
) Y+
2
3
Y (2.51) 
 
Based on the equation (2.51) the lowest average contact pressure, which initiates plastic 
flow, would be p
m
= (
2
3
) ∙Y, when c = a. However, this is only a theoretical value, which 
does not apply to real engineering materials. Namely, it has never been shown that yielding 
would occur for an average contact pressure less than Y. On the other hand, substituting 
equation (2.51) into equation (2.46) enables to calculate the radius at which the elastic 
yielding no longer influences plastic deformation, which is c = 3.2∙a. 
 
  
 41 
3 State of the art 
3.1 Theoretical analyses of multi-asperity contacts 
 
Ever since the researchers became aware of the importance of real contact area in 
engineering application, there exist a high demand for a theoretical contact model, which 
would accurately predict the contact behaviour based on the topography, material 
properties and loading conditions. Over the past 50 years, significant progress has been 
made by many authors in establishing theoretical models for predicting the real contact 
area [13, 27, 45, 50, 136, 144, 145]. Some models were developed with the analytical 
approach [13, 27, 35, 136, 146, 147], while several were set based on the numerical 
simulations of the contact behaviour [28, 29, 52, 131, 148, 149]. A more common 
categorization of the theoretical contact models is based on the surface characterization 
method, described in Chapter 2.1.2. Therefore, developed contact models can be 
characterized as statistical [13, 30, 136, 150, 151], fractal [45, 146, 147, 152, 153] or 
deterministic [50, 70, 80]. Advantages and disadvantages of all three groups of theoretical 
contact models are presented in Table 3-1. 
 
Table 3-1: Advantages and disadvantages of statistical, fractal and deterministic contact models. 
Type of models Advantages Disadvantages 
Statistical 
- Simplicity and explicitness of 
expressions 
- Closed-form contact equations; 
mathematically undemanding 
- Fast contact analyses 
- Surface topography is approximated 
with statistical functions 
- Problem of identifying relevant 
asperities 
- Scale dependent 
Fractal 
- Independent of topography measuring 
technique 
- Quantification of multi-scale nature with 
scale-independent fractal parameters 
- No need for asperity identification 
- Difficult to determine fractal parameters 
for surface characterization 
- Mathematically demanding 
Deterministic 
- Contact analysis is performed on 
actually measured surfaces 
- The most accurately described surfaces 
- Problem of identifying relevant 
asperities 
- Computationally very demanding 
models 
- Scale dependent 
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While some researchers have questioned the use of fractal models [154, 155], the use of 
probably the most accurate deterministic models is computationally very demanding and 
time-consuming task. Due to their simplicity and ease of use, it is the statistical models that 
are nowadays the most commonly adopted in theoretical contact analyses [78, 156]. 
 
All statistical multi-asperity contact models are based on surface characterization described 
in Chapter 2.1.2. They differ from one another according to the considered; deformation 
regimes of contacting asperities [13, 27-29], geometric behaviour of contacting asperities 
[150, 157, 158], type of the contact [30, 159, 160], influence of bulk material [131, 160], 
etc. Taking into account more effects within the contact, results in more complex 
theoretical contact models. Consequently, even statistical contact models become difficult 
to use. Therefore, it is crucial to select the contact model, which presents the best 
compromise between simplicity and accuracy of contact behaviour description. 
 
According to the literature [30, 31, 80, 161-165] the most commonly used statistical 
contact models are Greenwood-Williamson (GW), Chang-Etsion-Bogy (CEB), Zhao-
Maietta-Chang (ZMC), Kogut-Etsion (KE) and Jackson-Green (JG). 
 
 
3.1.1 Greenwood-Williamson model 
Greenwood and Williamson (GW) [13] developed the first statistical contact model, which 
considers the contact between a deformable rough surface and a rigid flat as shown in 
Figure 3-1. 
 
 
 
Figure 3-1: Schematical presentation of the contact according to definition of the G-W model. 
 
The GW model is based on the following assumptions: 
 
1. Asperities on the rough surface deform only elastically in agreement with the Hertz 
theory, 
2. Asperity summits are distributed in accordance with Gaussian distribution, 
3. Surfaces are isotropic, 
4. Asperities are spherical near their summits, 
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5. All asperity tips have the same radius of curvature, 
6. Adhesion on the contact between the asperity and the rigid flat is neglected, 
7. Asperities are far apart and consequently no interactions between them appear, 
8. Under the applied load only asperities deform. Bulk deformation is neglected. 
According to the definition of the GW model, the contact between the rigid flat and an 
asperity occur when separation (d) between two surfaces is smaller than asperity’s height z. 
The probability of the contact between of a deformable multi-asperity surface can be 
written as 
probability(z > d)=∫ ϕ(z)dz
∞
d
 (3.1) 
 
Furthermore, the number of contacting asperities at a particular separation is given by 
 n(d)=N∫ ϕ(z)dz
∞
d
 (3.2) 
 
Substituting equation (2.23) into equation (3.2) gives the expression for the multi-asperity 
contact area in dependence of d 
AGW(d)=NπR∫ (z-d)ϕ(z)dz
∞
d
 (3.3) 
 
Similarly, the contact load at a particular d can be calculated by substituting equation 
(2.24) into equation (3.2) 
PGW(d)=
4
3
NE*R1/2∫ (z-d)3/2ϕ(z)dz
∞
d
 (3.4) 
 
The relationship between d and an average real contact pressure is given in the following 
form 
p
mGW
(d)=
PGW(d)
AGW(d)
 (3.5) 
 
 
3.1.1.1 Plasticity index (Ψ) criterion 
Moreover, Greenwood and Williamson [13] also developed a criterion, which indicates 
what deformation regime asperities undergo. The criterion is known as Plasticity index (Ψ) 
and it depends on the material and topographic properties of the contacting asperities. It is 
defined as 
 Ψ=
E*
H
√
σs
R
 (3.6) 
 
When Ψ < 0.6 asperities undergo elastic deformation and GW model can be used. 
However, for Ψ > 0.6 the use of GW is not justified. Namely, when 0.6 < Ψ < 1, asperities 
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undergo elastic and plastic deformations, while plastic deformation predominates for Ψ > 1 
[13]. 
 
Later, other researchers [37, 144, 151, 166-168] proposed modified criteria to predict the 
predominating deformation regime of asperities. However, all subsequent plasticity index 
criteria present somehow modified definition of Greenwood Williamson, which is why the 
latter is still probably the most commonly used criterion.  
 
 
3.1.2 Chang-Etsion-Bogy model 
Since in most applications contacting asperities undergo not only elastic but also elastic-
plastic and fully plastic regime the GW was subsequently modified by other researchers 
[34, 35, 37, 169, 170]. The first statistical contact model that accounts for both the elastic 
and fully plastic behaviour of the asperities was proposed by Chang, Etsion and Bogy (the 
CEB model) [27]. In the elastic deformation regime authors adopted the formulation of 
GW model. For fully plastic deformation regime authors assumed volume conservation of 
the contacting asperities. A consideration of such assumption gives the following 
expressions for a contact area and contact load of a single-asperity contact 
ACEB(S)=πRω (2-
ωY(CEB)
ω
) (3.7) 
𝑃𝐶𝐸𝐵(𝑆)= πRω (2-
ωY(CEB)
ω
)KH (3.8) 
 
where ωY(CEB) denotes the critical deformation where the transition from fully elastic into 
fully plastic deformation regime occurs. According to CEB model this is defined as 
ωY(CEB)= (
πKH
2E*
)
2
R (3.9) 
 
The expression for ωY(CEB) is derived from the finding of Tabor [110], who showed that 
material starts to plastically deform when the p
0
 is equal to 0.6∙H and p
m
 equals 0.4∙H, 
where H denotes hardness of the softer material. Since it was later shown [171, 172] that 
relationship between contact pressure and hardness depends on Poisson’s ratio, a more 
general form was set for p
m
 [27] 
p
0
=KH (3.10) 
 
where K denotes maximum contact pressure factor, which according to [171] can be 
written as 
K=0.454+0.41ν (3.11) 
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while [172] suggested the following relationship 
K=0.4645+0.3141ν+0.1943ν2 (3.12) 
 
The equation (3.9) is therefore obtained by substituting equation (3.10) into equation 
(2.30). 
 
Finally, the multi-asperity behaviour in fully plastic deformation regime is obtained by 
substituting equations (3.7) and (3.8) into equation (3.2). 
ACEB(d)=πNRAn
{
 
 
 
 ∫ ωϕ(z)dz
d+ωY(CEB)
d
+
∫ (2ω-ωY(CEB))ϕ(z)dz
∞
d+ωY(CEB) }
 
 
 
 
 (3.13) 
 
PCEB(d)=NEAn
{
 
 
 
 
4
3
R1/2∫ ω3/2ϕ(z)dz
d+ωY(CEB)
d
+
πRK
H
E
∫ (2ω-ωY(CEB))ϕ(z)dz
∞
d+ωY(CEB) }
 
 
 
 
 (3.14) 
 
 
3.1.3 Zhao-Maietta Chang model 
This CEB model was further enhanced by Zhao, Maietta and Chang, who considered not 
only elastic and fully plastic but elastic-plastic deformation regime as well, ZMC model 
[136]. 
 
According to ZMC model the yield (transition between elastic and elastic-plastic 
deformation regime) initiates at 
ωY(ZMC)= (
2πkH
4E*
)
2
R (3.15) 
 
where 𝑘 presents the mean contact pressure factor, which is defined as 
k=
2K
3
 (3.16) 
 
In the work of Zhao et al. (ZMC model) [136] the contact behaviour within elastic-plastic 
deformation regime was derived based on the formulations of the contact behaviour for the 
fully-elastic (i.e. Hertz theory [132]) and the fully-plastic (i.e. theory of Abbott-Firestone 
(AF model) [173] and Tabor [110]) deformations.  
 
According to the AF model the real contact area for fully plastically deformed surface 
(AAF) can be estimated based on the simple truncation of the original surface profile, as 
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presented in Figure 3-2. The obtained relationship between the real contact area and 
asperity deformations is also known as a bearing curve. 
 
 
 
Figure 3-2: Schematical presentation of (a) a deformable surface and (b) the contact between the 
rigid flat and deformable surface as assumed by the AF model. 
 
From the equation (2.46) [110] the contact load in fully plastic deformation regime is 
calculated as 
PAF=AAFH (3.17) 
 
In ZMC model the transition between two extreme deformation regimes was solved 
mathematically by applying logarithmic and fourth-order polynomial functions, as shown 
in Figure 3-3. 
 
 
(a) 
(b) 
ω 
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Figure 3-3: The real contact area as a function of the deformation for all three deformation regimes, 
as suggested by ZMC model [136]. 
 
According to ZMC model the contact area in the elastic-plastic regime is given in the 
following form 
AZMC(s)=πRω [1-2(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
3
+3(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
2
] (3.18) 
 
while the contact load is 
 
𝑃ZMC(s)=H-H(1-k)
lnωH(ZMC)-lnω
lnωH(ZMC)-lnωY(ZMC)
× 
[1-2(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
3
+3(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
2
] πRω 
(3.19) 
 
In equation (3.18) and equation (3.19) ωH(ZMC) presents the transition between elastic-
plastic and fully-plastic deformation regime, which based on the experimental analysis [84] 
is defined as 
ωH(ZMC)=54∙ωY(ZMC) (3.20) 
 
By substituting equations (3.18) and (3.19) into equation (3.2) the expressions for the real 
contact area and contact load of multi-asperity contact in elastic-plastic regime are 
obtained. According to ZMC model the behaviour of multi-asperity contact in full 
deformation regime (i.e. elastic, elastic-plastic and fully plastic regime) is written as 
Real contact area, AZMC 
Deformation, ω ωH(ZMC) ωY(ZMC) 
Elastic 
Fully 
plastic 
Elastic-plastic 
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AZMC(d)=πNRAn
{
 
 
 
 
 
 
 
 
 
 ∫ ωϕ(z)dz
d+ωY(ZMC)
d
+
∫
[
 
 
 
 1-2(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
3
+3(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
2
]
 
 
 
 
ωϕ(z)dz
d+ωH(ZMC)
d+ωY(ZMC)
+
2∫ ωϕ(z)dz
∞
d+ωH(ZMC) }
 
 
 
 
 
 
 
 
 
 
 (3.21) 
 
PZMC(d)=NEAn
{
 
 
 
 
 
 
 
 
 
 
 
 
4
3
R1/2∫ ω3/2ϕ(z)dz
d+ωY(ZMC)
d
+
πR
H
E
∫
[1-(1-k)
ln ωH(ZMC) - ln ω
ln ωH(ZMC)- ln ωY(ZMC)
]×
[
 
 
 
 1-2(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
3
+3(
ω-ωY(ZMC)
ωH(ZMC)-ωY(ZMC)
)
2
]
 
 
 
 
ωϕ(z)dz
d+ωH(ZMC)
d+ωY(ZMC)
+
2πR
H
E
∫ ωϕ(z)dz
∞
d+ωH(ZMC) }
 
 
 
 
 
 
 
 
 
 
 
 
 (3.22) 
 
 
3.1.4 Kogut-Etsion model 
The main shortcoming of the model proposed by Zhao et al. [136] lies in the fact that the 
behaviour in the elastic-plastic deformation regime was described on the mathematical 
basis rather than on physical. Since the complex behaviour in elastic-plastic deformation 
regime is very difficult to describe analytically, researchers have tackled the problem 
numerically. Namely, the use of finite element methods (FEM) has come to the fore. In 
[174] FEM was used to analyse the behaviour of the contact between two spheres for the 
case where contact pressure does not exceed 2.3Y. Therefore, in this analysis spheres 
underwent elastic and partially elastic-plastic deformation. Similar FEM approach was also 
employed for the contact between a deformable half-sphere and a rigid flat by Kogut and 
Etsion [137]. However, in this study FEM analysis covered the deformation of the 
deformable body from the elastic to the inception of the fully plastic regime, Figure 3-4. 
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Figure 3-4: Single-asperity contact as assumed in FEM analysis of Kogut and Etsion [137]. 
 
Based on the performed FEM analysis in [137] the contact behaviour within the elastic-
plastic regime was obtained by applying the curve fitting from the FEM results, while the 
behaviour in fully-elastic and fully-plastic regime is described the same way as in [136].  
 
According to the FEM results behaviour in elastic-plastic deformation regime can be 
divided into two regions. First elastic-plastic region presents an interval 
ωY(KE) < ω < 6ωY(KE), where 6∙ωY(KE) denotes the deformation at which the plastic 
deformation first reaches the sphere surface. In this region the contact load and the contact 
area can be expressed as 
𝑃𝐾𝐸(𝑠)=1.03 (
ω
ωY(KE)
)
1.425
PY (3.23) 
𝐴𝐾𝐸(𝑠)=0.93 (
ω
ωY(KE)
)
1.136
AY (3.24) 
 
where 𝑃𝑌 and 𝐴𝑌 stand for the contact load and the contact area at the critical interference, 
respectively. 
 
It was shown in [137] that the transition between elastic-plastic and fully plastic 
deformation occurs when 
ωH(KE)=110ωY(KE) (3.25) 
 
Therefore, the interval 6ωY(KE) < ω < 110ωY(KE) presents the second region of elastic-
plastic deformation, where the contact load is given by 
PKE(s)=1.40 (
ω
ωY(KE)
)
1.263
PY (3.26) 
 
and the contact area is 
Region which 
undergoes the 
deformation 
Rigid flat 
Assumed 
hemispherical 
shape of the 
asperity tip  
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AKE(s)=0.94 (
ω
ωY(KE)
)
1.146
AY (3.27) 
 
The single-asperity model was later extended to multi-asperity contacts (KE model) by 
substituting expressions for a single-asperity model into equation (3.2) [28]. The proposed 
expressions for A(d) and P(d) are given in the following forms 
AKE(d)=πNRAn
{
 
 
 
 
 
 
 
 
 
 ∫ ωϕ(z)dz
d+ωY(KE)
d
+
0.93ωY(KE)
1.136 ∫ ω1.136ϕ(z)dz
d+6ωY(KE)
d+ωY(KE)
+
0.94ωY(KE)
1.146 ∫ ω1.146ϕ(z)dz+
d+110ωY(KE)
d+6ωY(KE)
2∫ ωϕ(z)dz
∞
d+11ωY(KE) }
 
 
 
 
 
 
 
 
 
 
 (3.28) 
 
PKE(d)=NEAn
{
 
 
 
 
 
 
 
 
 
 
4
3
R1/2∫ ω3/2ϕ(z)dz
d+ωY(KE)
d
+
2
3
×1.03πkωY(KE)
-0.425 R
H
E
∫ ω1.425ϕ(z)dz
d+6ωY(KE)
d+ωY(KE)
+
2
3
×1.4πkωY(KE)
-0.263 R
H
E
∫ ω1.263ϕ(z)dz
d+110ωY(KE)
d+6ωY(KE)
+
2πR
H
E
∫ ωϕ(z)dz
∞
d+110ωY(KE) }
 
 
 
 
 
 
 
 
 
 
 (3.29) 
 
 
3.1.5 Jackson-Green model 
Neither the ZMC nor the KE model predicts the volume conservation of asperities when 
they deform plastically. Instead, they are based on a simplified truncation of the initial 
shape of the asperity. This idea was first introduced by Abbott and Firestone in 1933 [173] 
and represents a compromise between simplicity and reality. 
 
Another multi-asperity contact model was developed based on additional FEM analysis of 
a single-asperity contact, carried out by Jackson and Green [138]. Similar as in the case of 
[137] contact between a deformable hemispherical body and a rigid flat was investigated. 
In contrary to [137] the geometry and material changes during the deformations are 
considered in the analysis of [138]. It was shown that the hardness is not a constant as 
suggested by [110] but it changes with the evolving geometry of the deformable body. This 
finding agrees with the experimental results [175]. Moreover, volume conservation of the 
asperity was also considered in the work of Jackson and Green. 
 
Based on the obtained results of FEM analysis authors were able to fit a continuous curve, 
which captures the whole range from the fully-elastic to the fully-plastic deformations. 
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Therefore, the analysis of Jackson et al. surpassed the work of [137] and provided 
formulations for contact behaviour when 
a
R
 < 0.412, which indicates a deep fully-plastic 
deformation regime. Since the results of FEM analysis were in a good agreement with the 
results of Hertz theory for small loads, the latest was used to describe the behaviour in a 
pure-elastic deformation regime. Furthermore, numerical analysis showed that yield 
initiates when ω=1.9∙ωY(JG). In the elastic-plastic deformation regime (i.e. ω > 1.9∙ωY(JG)) 
curve fitting from the FEM results gives the following empirical formulations for the 
contact load 
𝑃𝐽𝐺(𝑠)=PC
{
 
 
 
 [exp(-
1
4
(
ω
ωY(JG)
)
5/12
)](
ω
ωY(JG)
)
3/2
+
4H
CY
[1-exp (-1/25(
ω
ωY(JG)
)
5/9
)]
ω
ωY(JG)}
 
 
 
 
 (3.30) 
 
where 
PC=
4
3
(
R
E
)
2
(
C
2
πY)
3
 (3.31) 
 
H
Y
=2.84 [1-exp(-0.82(√
ω
R
(
ω
1.9ωY(JG)
)
B/2
)
-0.7
)] (3.32) 
 
 B=0.14exp(23ey) (3.33) 
 
ey=
Y
E
 (3.34) 
 
and the contact area  
AJG(s)=πRω (
ω
ωY(JG)
)
B
 (3.35) 
 
In [29] Jackson and Green used their findings on a single-asperity behaviour for 
developing another statistical multi-asperity contact model (JG model), where the contact 
area is calculated as 
AJG(d)=πNRAn
{
 
 
 
 ∫ ωϕ(z)dz
d+1.9ωY(JG)
d
+
(
1
1.9ωY(JG)
)
D
∫ ωD+1ϕ(z)dz
∞
d+1.9ωY(JG) }
 
 
 
 
 (3.36) 
 
and the contact load is equal to 
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PJG(d)=NE
*An
{
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4
3
R1/2∫ ω3/2ϕ(z)dz
d+1.9ωY(JG)
d
+
4
3
(
CπY
2E*
)R∫
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ωY(JG)
-1/2 ω3/2exp
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1
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ω
ωY(JG)
)
5/12
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2.84×4
C
(1-e
-0.82(R-1/2√ω(
ω
1.9ωY(JG)
)
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)
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)×
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-1/25(
ω
ωY(JG)
)
5/9
)
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ϕ(z)dz
∞
d+1.9ωY(JG)
}
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (3.37) 
 
Table 3-2: Comparison of the most commonly adopted GW, CEB, ZMC, KE and JG multi-asperity 
contact models. 
 Advantages Disadvantages 
GW model + Widely accepted 
- Relevant only for elastic deformation 
regime   
CEB model 
+ Treating elastic and fully plastic contact 
of rough surfaces 
+ Volume conservation is assumed 
- Based on GW geometric assumptions 
- No intermediate elastic-plastic 
deformation regime is considered 
ZMC model 
+ Treatment of rough surfaces contact over 
elastic, elastic-plastic and fully plastic 
deformation regimes 
- Based on GW geometric assumptions*  
- The behaviour of contact in elastic-
plastic regime is based on mathematical 
manipulations 
- Volume conservation is not assumed 
KE model 
+ Treatment of rough surfaces contact over 
elastic, elastic-plastic and plastic regimes 
of deformation 
+ The behaviour of contact in elastic-
plastic regime is based on FEM analysis 
(physical behaviour is considered) 
- Based on GW geometric assumptions 
- Volume conservation is not assumed in 
fully plastic deformation regime 
JG model 
+ Finer meshing used with FEM 
+ High asperity deformations 
+ Material changes during the deformation 
are considered 
- Based on GW geometric assumptions 
- Complex formulation 
- Interface between elastic-plastic and 
totally plastic regime is not determined 
 
 
In Table 3-2 main advantages and disadvantages are collected. Although GW, CEB, ZMC, 
KE and JG models have been widely used, it is still not clear which of them provides the 
most accurate predictions. The comparison between the results obtained with 
aforementioned contact models was presented in [30]. Figure 3-5-a shows that for a very 
smooth surfaces (Ψ = 0.9) all theoretical contact models predict similar size of the real 
contact area as a function of the normalized contact pressure. On the other hand, great 
discrepancies in predicted contact behaviour can be observed when theoretical contact 
models are used to calculate real contact area, as a function of contact pressure, in the case 
of rough surfaces (Ψ = 8), Figure 3-5-b. 
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Figure 3-5: The relationship between the real contact area and normalized contact pressure for a (a) 
smooth (Ψ=0.9) and (b) rough (Ψ=8) surface [30]. 
 
Since the obtained results can deviate significantly (Figure 3-5-b), the question which has 
remained unanswered up to now is; which well-established theoretical multi-asperity 
contact model most accurately predicts the contact behaviour of actual engineering 
surfaces? Despite the fact that these models have never been experimentally validated for 
real surfaces, they were blindly selected to be improved in some recent studies [80, 131, 
147, 151]. Therefore, it is of great importance to carry out an experimental analysis where 
the actual contact behaviour can be examined. This piece of information will not only help 
to recognize the most suitable, already established, contact model but will also allow to 
improve them or even to set new ones. 
 
 
Normalized contact pressure p/E*, [ / ] 
Real contact area Ar/An, [%] 
Ψ=0.9 
Real contact area Ar/An, [%] 
Normalized contact pressure p/E*, [ / ] 
Ψ=8 
(a) 
(b) 
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3.2 Experimental approach for the contact behaviour 
investigations 
Every theoretical model for determining a real contact area has some advantages and 
disadvantages. A common disadvantage of all theoretical approaches is simplification, 
which relates either to assumptions about asperity deformations or their geometrical 
properties. For an accurate investigation of the real contact area and understanding the 
actual contact, an experimental approach must be adopted that makes it possible to 
facilitate theoretical approaches with the actual measurements. In the literature [176-185] 
several different experimental techniques are described for real-contact-area 
measurements. These can be divided into two groups; ex-situ and in-situ [176]. 
 
 
3.2.1 Ex-situ experimental techniques for the contact behaviour 
investigation 
In [177, 184] contact between a deformable rough flat surface and a rigid flat were 
experimentally investigated. The experimental procedure in [177] enables to specify the 
relationships contact load – asperity deformations and contact load – plastically deformed 
real contact area. During the experiment the static load is slowly increased up to the pre-set 
maximum value. Similar experimental procedure was proposed by Pogačnik et al. [184]. 
Here, the specimen was loaded with a dead load and the contact load – asperity 
deformations curve was assembled based on the measurements at different loads. The 
novelty in this work presents an application of a homodyne quadrature laser interferometer, 
which was used to measure the displacement in a vertical direction, Figure 3-6. Such an 
accurate measuring system allows to detect the vertical deformations with a resolution 
better than 1 nm. 
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Figure 3-6: Schematical presentation of the experimental apparatus for the micro-asperity 
deformations analysis with homodyne quadrature laser interferometer [184]. 
 
By comparing the surface topographies before and after the test authors obtained the 
information about plastically deformed asperities, as shown in Figure 3-7. The experiment 
described in [186] was developed to investigate the contact behaviour of a single-asperity 
contact. For this purpose experiments were performed on a standard pin-on-disk machine 
where the dead load was applied to the contact between deformable ball and rigid flat. 
After the experiment relationships between contact pressure, asperity deformations and 
real contact area were set based on the known contact load and geometric changes of the 
ball. The experimental procedure in [186] was further improved to investigate the contact 
between the rigid sphere and a deformable rough flat surface [187, 188]  
 
 
Lever 
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State of the art 
56 
 
Figure 3-7: Schematical presentation of the rough surface (a) prior and (b) after the test. (c) shows 
the share of plastically deformed asperities [82]. 
 
 
3.2.2 In-situ experimental techniques for the contact behaviour 
investigation 
The main shortcoming of the ex-situ techniques [177, 184, 186-188] is the fact that the real 
contact area cannot be monitored while the contact is loaded. Consequently, such 
techniques are suggested to be used only to analyse the contact behaviour as a result of 
plastic deformation. However, some researchers [189] questioned ex-situ experimental 
techniques, particularly the approach in [186], since some elastic and elastic-plastic 
deformation is always present in the contact. This causes that when the contact is unloaded 
some topographic changes will occur, which results in misinterpreted contact behaviour. 
 
To overcome the limitations of the ex-situ techniques, experimental approaches based on 
electrical [190], ultrasonic [180, 181, 191] and optical techniques [176, 182, 183] should 
be used. These enable in-situ measurements of the real contact area which can be either 
direct or indirect. The example of indirect in-situ method for the real contact area 
investigations presents the technique based on the electrical resistance of the contact [178, 
190]. In [190] the principal of electrical resistance was used to estimate the size of the real 
contact area under a combination of normal and tangential loading. The same approach 
was later adopted to investigate the effect of surface coatings on the contact behaviour 
[178]. Although this technique is easy to use it is very sensitive to oxide layers and any 
other impurities within the contact. Moreover, the method can be used only with 
electrically conductive materials. 
 
To overcome the limitations of the electrical method ultrasonic technique should be used 
instead. With this method the contact area between two contacting surfaces is determined 
based on the waves reflected from solid/air boundaries and those passed through the 
physical contacts between two bodies [181, 192], Figure 3-8. Besides the fact that this 
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technique can be used with conductive and non-conductive materials, it also allows to 
analyse the contact behaviour of transparent bodies. On the other hand several limitations 
are related to this method. Namely, the real contact area measurements are time-consuming 
due to scanning of the contact. Consequently, the method is suitable for investigating the 
contact behaviour under static loading conditions only. Moreover the lateral resolution, 
achieved with conventional equipment, is poor, around only 0.2 mm [176, 193]. 
 
 
 
Figure 3-8: Schematical presentation of the contact analysis with ultrasonic technique [181]. 
 
The most widespread methods for the in-situ investigation of the real contact area are 
optical techniques [176, 182, 183, 194-198]. The main advantage of this technique presents 
the fact that the contact between the specimen and a transparent window can be directly 
observed during the load application and the contact spots between surfaces can be 
accurately located, Figure 3-9. Furthermore, the achieved resolution in lateral direction can 
be better than 1 µm [199]. However, the method can be used only if the analysed surface is 
not transparent and if the rigid flat window is “perfectly” smooth. According to the 
literature review, most of the studies, where the contact was investigated with optical 
method, have been focused on a single-asperity contact [176, 183, 194, 196, 197], which 
does not translate to multi-asperity contacts because it neglects the complex, multi-asperity 
geometry and numerous different types of interactions between many asperities that come 
into play. Therefore, multi-asperity contact analyses [182, 195] must be employed for a 
realistic evaluation of actual engineering contact behaviour. However, the above single-
asperity and multi-asperity experiments lack both detail and resolution, and so cannot 
describe the actual behaviour of the asperities on an engineering-relevant scale, i.e., at low 
roughness, or capture the real contact area from the very first asperity interactions. 
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Figure 3-9: Schematical presentation of the test rig where the real contact area between the rigid 
flat window and a deformable hemisphere is investigated with the optical technique [183]. 
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4 Aims and scope 
4.1 Motivation 
As it had been shown in Chapters 2 and 3, many studies have been performed to 
understand the behaviour within engineering-relevant multi-asperity contacts. However, 
most of the existing knowledge on contact behaviour originates from theoretical analyses, 
which have been performed analytically or numerically. These studies are especially 
valuable in terms of providing several theoretical models, which can be used to predict 
contact behaviour under certain loading conditions. However, because the multi-asperity 
contact behaviour is affected by synergetic contributions of applied load, topography and 
mechanical properties of contacting surfaces, all theoretical models stand on certain 
assumptions or simplifications. Existing theoretical contact models can be categorized as 
statistical, fractal and deterministic. According to the literature review, statistical contact 
models are the most predominant and most popular due to their ease of use. Although it 
has been showed that statistical GW, CEB, ZMC, KE and JG models can result in great 
discrepancies in calculated contact parameters (Figure 3-5-b), these still present the most 
established theoretical contact models. Furthermore, no study has shown how these contact 
models compare to actual contact behaviour of realistic (not numerically designed) 
engineering-relevant surfaces. Consequently, it is still not clear which of the existing 
contact models most accurately predict actual contact behaviour and in which load range. 
 
Undoubtedly, the most detailed information on actual contact behaviour can be obtained 
experimentally where true engineering contacts can be analysed with no assumptions or 
simplifications. However, as it was presented in Chapter 3.2, single-asperity contacts are 
regularly addressed in experimental studies, while research of the real contact area and 
contact behaviour for multi-asperity contacts are scarce. One of the main reasons is that 
these studies must capture many details for which high (submicron) resolution and proper 
experimental procedure is required. Due to the limitations of existing experimental 
procedures, the behaviour of actual multi-asperity contacts is still not fully explained. 
 
Therefore, to be able to fully understand and predict the contact behaviour for real multi-
asperity engineering surfaces, we must experimentally investigate the whole contact at a 
sufficiently small (submicron) scale. Only in this way can we capture and measure all the 
details, which affect the actual behaviour of the real contact area. To do so, we need a test 
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rig that allows in-situ and direct investigation of the real contact area for a broad range of 
engineering materials and topographies on the submicron level. Moreover, it is necessary 
to optimize the procedure for the specimens manufacturing so the multi-asperity surfaces 
are fully captured when in contact. 
 
 
4.2 Thesis hypothesis 
By in-situ investigating realistic engineering multi-asperity contacts at submicron scale and 
by including in analyses the whole nominal contact area, the real contact area changes as a 
function of load and displacement (deformation) can be better understood, providing new 
insights in real contact area research. This will enable improving current theoretical contact 
models or developing new ones. 
 
 
4.3 Goal of the research 
The goal of this research is: 
 
‐  To develop a novel test rig, which enables in-situ investigation of the entire multi-
asperity contact behaviour under static loading conditions on a submicron scale. 
‐  To experimentally determine the topographic changes under static loading conditions 
on a submicron scale. 
‐  To determine the effect of engineering-relevant material and topographic properties on 
actual contact behaviour. 
‐  To determine how multi-asperity contact behaviour is affected by the actual mechanical 
and geometric changes of the contacting asperities. 
‐  To compare the actual contact behaviour of multi-asperity contact with the theoretical 
predictions of the most commonly adopted and relevant theoretical contact models. 
 
 
4.4 Workflow 
The presented thesis is arranged in 8 Chapters. While Chapter 1 presents a general 
introduction to the topic of real contact area, basic theoretical concepts necessary for an 
understanding of the multi-asperity contact behaviour problem are collected in Chapter 2. 
 
Chapter 3 provides an extensive coverage of the existing knowledge on the multi-asperity 
contact behaviour. The chapter is further divided into two subchapters. Chapter 3.1 focuses 
on theoretical analyses of multi-asperity contacts, where existing contact models are 
presented. Furthermore, based on the literature review five contact models (i.e. GW, CEB, 
ZMC, KE and JG) are recognized as the most established and are discussed in detail. On 
the other hand, the review of several experimental approaches for the real contact area 
investigation is presented in Chapter 3.2. 
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Motivation, thesis hypothesis and goals of this research are given in the present chapter 
(Chapter 4). Moreover, the graphical presentation of the workflow is presented in Figure 
4-1. 
 
Chapter 5 provides a detailed description of the materials, specimen preparation procedure 
and devices used in this work. In subchapter 5.3.1 a novel test rig for in-situ observations 
of the real contact area on a submicron scale is presented in detail. Moreover, Chapter 5 
presents methodologies to determine: contact behaviour for engineering-relevant surfaces 
under static loading conditions, the share of elastic and plastic deformation at certain 
contact pressure, the size of asperity deformations and real contact area and the effect of 
work-hardening. Finally, the method to perform theoretical contact analyses, based on real 
engineering surfaces, is described in subchapter 5.4.7. 
 
Results of the experimental work are presented in Chapter 6. The effect of topography and 
material properties on the contact behaviour of multi-asperity contacts is presented in 
Chapter 6.1 and 6.2, respectively. The mechanical behaviour of asperities in multi-asperity 
contacts is presented in Chapter 6.3, while the effects of asperity coalescence and single-
asperity geometric changes are shown in Chapter 6.4. The experimental results for actual 
contact behaviour are compared to the predictions of the most established theoretical multi-
asperity contact models in Chapter 6.5. 
 
Overall discussion on the effect of topographic and material properties on the multi-
asperity contact behaviour under static loading conditions is presented in Chapter 7. 
Moreover, the comparison between actual and theoretically predicted multi-asperity 
contact behaviour is also discussed in the same chapter. 
 
Finally, Chapter 8 presents the overall conclusions of the presented thesis.  
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Figure 4-1: Graphical schematics of the workflow. 
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4.5 Publications 
Experimental findings and following discussion presented by the author in this thesis are 
adopted from the following publications: 
 
- Scientific papers: 
 
o Brodnik Žugelj, B., Kalin M. Submicron-scale experimental and 
theoretical analyses of multi-asperity contacts with different roughnesses. 
Tribology International, In Press, Accepted Manuscript (2017). DOI: 
10.1016/j.triboint.2017.06.036 [200] 
 
o Brodnik Žugelj, B., Kalin M. In-Situ Observations of a Multi-Asperity 
Real Contact Area on a Submicron Scale. Journal of Mechanical 
Engineering 63:6 (2017). DOI: 10.5545/sv-jme.2017.4366. [199] 
 
- Conferences: 
 
o Brodnik Žugelj, B., Kalin M., Role of surface topography and material 
properties on the real contact area behaviour under static loading conditions, 
Leeds-Lyon 2016, Leeds, UK 
 
o Brodnik Žugelj, B., Kalin M., Submicron scale experimental analyses of 
the multi-asperity contacts for real engineering surfaces with different 
topographic and material properties, Ecotrib 2017, Ljubljana, Slovenia 
 
o Brodnik Žugelj, B., Kalin M., Investigation of the real contact area 
behaviour for real engineering surfaces, Met&Props 2017, Gothenburg, 
Sweden 
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5 Experimental 
5.1 Materials 
Most of the research, namely the effect of topographic properties, mechanical and 
geometric changes on contact behaviour was done on a typical carbon steel 
11SMnPb37+C. To investigate the effect of different material properties on the real contact 
behaviour different engineering-relevant materials were selected. Namely, 100Cr6, 
42CrMoS4, 11SMnPb37+C, Al6026 and polyoxymethylene (POM) were chosen. 
 
- Thermoplastic POM presents one of the most commonly used engineering plastics. 
Especially, due to their excellent strength, stiffness, low friction and chemical resistance 
[82]. Consequently, POM plastics is replacing traditional metals in applications such as 
mechanical gears, housing parts, screws, guiding elements, etc. 
- Aluminium alloy Al6026 is an alloy, which does not contain tin (Sn). Consequently, 
components made of Al6026 do not weaken or crack when subjected to high stresses and 
high temperatures. Al6026 is typically used in automotive sector (i.e. brake systems), 
hydraulic valve blocks, electronic systems etc. 
- Free-cutting steel 11SMnPb37+C is categorized as carbon steel with higher percentage of 
sulphur. The main advantage of this type of steel is its excellent machinability, due to 
small chips formation that are easily removed during the machining [201]. 11SMnPb37+C 
is used for manufacturing large-volume standard engineering parts such as nuts, bolts, 
screws, spare parts for the automobile industries, etc. 
- A low-alloy steel 42CrMoS4 exhibits excellent mechanical properties. In comparison to 
carbon steels it has higher yield strength and hardness. Consequently, it is suitable for 
manufacturing components in automobile and aircraft industry, where high toughness is 
required, such as shafts, crankshafts, axle journals, push rods, gears, etc. 
- Bearing steel 100Cr6 is hardened high carbon and chromium containing low-alloy steel. 
It is cost-effective, exhibits very-high hardness (59-66 HRC [202]) and long-working life. 
The principal applications of use are ball and rolling bearings, ball screws, constant-
velocity (CV) joints, blades, etc. 
 
The material properties of the tested specimens along with the sapphire counterface against 
which the specimens were pressed during the tests, are presented in Table 5-1. All the 
material properties presented in Table 5-1, except for the hardness of the tested materials, 
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were provided by the manufacturer. The Vickers hardness (HV0.1) of these materials was 
measured with a Leitz Miniload microhardness tester (Leitz Miniload, Wild Leitz GmbH, 
Germany) on a polished (Ra < 0.01 µm) surfaces before they were roughened on the 
desired roughness. Based on our microhardness measurements we were able to determine 
standard deviation of the measured hardness while no such deviations were provided by 
the manufacturer for the provided parameters (i.e. E, ν and Y). 
 
Table 5-1: Mechanical properties of the tested materials and sapphire counterface. 
Material 
Young‘s modulus 
[MPa] 
Vickers 
Hardness [/] 
Poisson ratio  
[/] 
Yield stress 
[MPa] 
Label 
POM 3,000 21±1 0.35 68 POM(HV21) 
Al6026 69,000 140±2 0.33 320 Al(HV140) 
11SMnPb37+C 200,000 216±6 0.30 425 St(HV216) 
42CrMoS4 210,000 539±10 0.30 965 St(HV539) 
100Cr6 210,000 820±13 0.30 2361 St(HV820) 
      
Sapphire 335,000 2710 0.25 N/A / 
 
 
For easier understanding of the results in Chapter 6.2, where the effect of material 
properties on contact behaviour is presented, each tested material is labelled with material 
type (i.e. POM for thermoplastic POM, Al for aluminium and St for steel) and measured 
Vickers hardness HV. 
 
 
5.2 Specimen preparation 
All metal specimens (i.e. Al(HV140), St(HV216), St(HV539) and St(HV820)) were cut 
from round bars while the polymer samples (i.e. POM(HV21)) were injection molded. 
Next, the surfaces were prepared to three different roughnesses, Ra = 0.1 μm, 0.6 μm and 
1.0 μm, using a sequence of grinding and polishing steps (RotoPol-21 with RotoForce-3 
module, Struers, Denmark). According to the specimen manufacturer’s specifications a 
parallelism tolerance of 0.01 mm (referencing bottom surface of the specimen) was 
achieved, which corresponds to a parallelism as low as 1.2 arcminute. To ensure a 
standardized procedure and be able to make comparisons with many earlier studies, the 
surface roughness of the contact surface was measured using a stylus-tip profilometer 
(T8000, Hommelwerke GmbH, Germany) with a TKE100/17 probe according to the DIN 
4768 standard at a cut-off length of 0.8 mm and a traversing length of 4.8 mm. The 
example of Ra roughness measurement for specimen with Ra = 0.6 µm according to the 
DIN 4768 is presented in Figure 5-1. 
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Figure 5-1: Ra roughness measurement on a specimen with Ra = 0.6 µm according to the DIN 4768 
standard. 
 
After grinding and polishing, the specimens were milled to a cone shape, such that only a 
flat, circular contact surface with a diameter of 200 μm remained, corresponding to a 
nominal contact area An = 0.03 mm
2
. This small area ensured that the entire nominal 
contact area was captured by the microscope’s 200 × objective view when the specimen 
was loaded against a rigid sapphire counterface (details in Chapter 4.4.1.). Consequently, 
all the asperities were detected during the contact between the steel specimen and the 
sapphire flat, which made it possible to determine the relationship between the real contact 
area, the normal load and the deformation of the asperities without excluding any possible 
asperity. To remove any contaminants from the surface, each metal specimen was cleaned 
with acetone and ethanol while polymer samples were cleaned with n-heptan. The whole 
specimen preparation procedure is schematically presented in Figure 5-2. 
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Figure 5-2: Schematical presentation of the specimen preparation procedure. 
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5.3 Devices 
5.3.1 Test rig for the contact behaviour analyses on a submicron 
scale 
A novel test apparatus was designed for in-situ measurements of the real contact area 
between two surfaces on the submicron scale (Figure 5-3). The set-up allows normal 
loading of a deformable, multi-asperity, nominally flat specimen against a transparent rigid 
window where the changes to the contact area are captured by an optical microscope, 
simultaneously with the displacement in the vertical direction and the contact load. 
 
 
 
Figure 5-3: Test apparatus for in-situ measurements of the real contact area. 
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Figure 5-4: Schematic presentation of the test rig that was developed for investigating the real 
contact area between the transparent rigid window and deformable, multi-asperity, nominally flat 
specimen. 
 
Figure 5-4 shows a schematic of the test apparatus, which consists of the following 
components: a white-light optical microscope with a CCD camera; a rigid, “ideally” 
smooth, flat sapphire window; a deformable specimen; a displacement sensor, a table that 
is movable in the z-direction; and an actuator. A very accurate actuator is able to press the 
specimen against the transparent sapphire window at a constant velocity as low as 10 nm/s. 
The contact load is detected with a resolution of 0.1 N using a compressive-force 
transducer (AEP transducers, Italy), which is installed between a lever and the movable 
table. An accurate capacitive displacement sensor (Micro-Epsilon, Germany) with a 
resolution of 20 nm measures the deformation of the specimen as it is pressed against a 
rigid flat. In order to magnify the contact between the deformable specimen and the 
transparent sapphire window, high-resolution (2,560 × 1,920 pixels) images are captured 
with an optical microscope (Eclipse LV 150, Nikon, Japan) using 200 X magnification and 
equipped with a CCD camera (DS-fi1, Nikon, Japan) using a frame rate of 1 fps and a 
lateral resolution of 700 nm. The output signals, detected by load and displacement 
sensors, are captured with a data-acquisition card. The custom program for the signal 
processing, full control of the actuator and synchronised storage of the measured 
displacement, the contact load and the captured images was developed in the commercial 
software environment (Labview 2013, National Instruments, USA). 
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5.3.2 Nanoindenter 
To investigate how material parameters, particularly nanohardness, change under static 
loading conditions, surfaces were analysed with a nanoindenter (G200, Keysight, USA), 
Figure 5-5. Nanoindenter provides mechanical properties of surfaces in accordance with 
the standard ISO 14577. Measurements were performed with three-sided Berkovich 
indenter tip [123] on 11SMnPb37+C steel (i.e. ST(HV216)). 
 
 
 
Figure 5-5: Nanoindenter 
 
After some trial experiments it was decided that the Load control method with five 
loading-unloading steps, will be used for the nanohardness evaluation. The five 
consecutive loading steps are used to exclude limited amount of plasticity present at first 
steps and also to obtain convergent results of nanohardness versus penetration depth. 
Regarding the small amount of available space on the deformed asperities and that the size 
of indent should be smaller than the analysed flat regions in order to obtain relevant 
measurements, indentation load of 30mN was chosen. 
 
 
5.4 Methods 
5.4.1 Analyses of the contact behaviour under static loading 
conditions 
Each experiment began by mounting the specimen on a movable table. In the next step the 
actuator slowly lifted the table with the specimen into contact with the rigid flat at a 
constant velocity of 50 nm/s. While the sample was being pressed against the sapphire 
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window, the displacement and load sensors were measuring the vertical displacement of 
the sample and the contact load, respectively. On the other hand, contact area growth and 
effect of asperity coalescence were captured with the optical microscope. For the purposes 
of the present study the experiments were controlled by the contact load. To investigate the 
influence of various material and topographic properties on the contact parameters under 
static loading conditions, the actuator pressed the specimen against the sapphire window 
until a pre-set contact load was achieved. The maximum contact load was limited to the 
value where the resulting nominal contact pressure is equal to the yield strength of the 
analysed material. The experimental procedure is schematically presented in Figure 5-6. 
 
 
 
Figure 5-6: Schematical presentation of experimental contact analysis under static loading 
conditions. 
 
In the contact analyses nominal contact pressure was obtained directly by dividing the 
measured contact load with the size of nominal contact area. On the other hand, the 
obtained images and the vertical displacements were post-processed to precisely define the 
size of the real contact area and the deformations of asperities. While the method for the 
real contact area evaluation is presented in Chapter 5.4.4, the procedure to obtain the 
asperity deformations from the measurements is described in the following paragraph. 
 
In order to accurately determine the asperity deformations, the vertical displacement had to 
be measured with nanoscale resolution. However, when the deformations are controlled on 
this scale, any small deviations (i.e., deformations) arising from the bulk material beneath 
the asperities and deformations of test rig have to be considered and excluded from the 
asperity deformations measurements. To do so, the measured deformation of tested 
specimens (i.e. Ra = 0.1 µm, 0.6 µm and 1.0 µm) (equation (4.2)) was subtracted from the 
deformation of polished reference specimen (Ra < 0.01 µm) (equation (4.1)), obtained 
under the same loading conditions. Although the reference specimen is not ideally flat, 
such assumption is reasonable, since the size of its asperity heights is only 20±4 nm, which 
presents less than 2 % of the asperity heights on the smoothest tested surfaces (Ra = 0.1 
µm, Table 5-2). The resulting deformation presents only the deformation of asperities on 
the rough surface (equation (4.3)). The procedure was proposed in [184] and is 
schematically presented in Figure 5-7. 
p = 0 MPa p = Y/3 p = Y 
… … 
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ℎreference= ℎbulk+htest rig (4.1) 
hsample= hbulk+htest rig+hasperities (4.2) 
𝜔asperities= hsample- hreference (4.3) 
 
 
 
Figure 5-7: Schematical presentation of asperity deformations determination. 
 
 
5.4.2 Step-loading tests to determine elastic and plastic 
deformation of asperities 
To experimentally determine the share of elastic and plastic deformation of contacting 
asperities at certain contact pressure, and to monitor how this ratio changes with increasing 
pressure, another method was proposed. With this method, the whole testing procedure 
was the same as described in Chapter 5.4.1, except for the loading conditions. Here, the 
specimen was loaded up to the yield strength in six steps. 
 
First, the specimen was loaded against the sapphire window until the nominal contact 
pressure was equal to Y/6, followed by the unloading of the specimen back to the initial 
position. In the next step, the same procedure was repeated; however this time the 
maximum reached pressure was 2Y/6. The same procedure continued until in the last step 
the maximum nominal contact pressure was equal to the yield strength. The proposed 
method is schematically presented in Figure 5-8. 
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Figure 5-8: (a) Schematic presentation of step-loading experiments with progressively increasing 
the load in 6 steps; namely, 1. Step: p = Y/6, 2. Step: p = Y/3,…, 6. Step: p = Y. (b) In every step, 
elastic and plastic deformation of asperities can be measured. 
 
 
5.4.3 Nano-scale determination of work-hardening of asperities 
Nanoindentation analyses were performed on four specimens. First, nanohardness was 
measured on the reference specimen, which was prepared by grinding and polishing to 
roughness Ra < 0.01 µm (Figure 5-9-a). This step was required to determine the 
nanohardness of the undeformed specimen. Next, the procedure was repeated for the 
specimens with roughnesses Ra = 0.1 µm, 0.6 µm and 1.0 µm, prepared the same way as 
the reference specimen (i.e. by grinding and polishing). However, in the case of rough 
specimens the nanoindentation procedure was performed on the plateaus of deformed 
asperities after the specimens were tested (i.e. after they were loaded up to the yield 
strength), Figure 5-9-b. At least 10 nanohardness measurements were performed on each 
specimen to ensure statistical repeatability of the results. A comparison of measured 
nanohardness on the undeformed (reference) and deformed specimens revealed the 
information about the effect of work-hardening of asperities subjected to loading. 
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Figure 5-9: Schematical presentation of nanoindentation analysis on (a) a reference specimen to 
determine the nanohardness of the specimens prior the loading and (b) plateaus of deformed 
asperities on tested surfaces after the loading. 
 
 
5.4.4 Real contact area measurements 
During the experiments the images of the micro-contacts between the specimen and the 
sapphire were captured with a CCD camera at a frame rate of 1 fps. When the specimen 
was moved into contact with the transparent window, micro-contacts between the 
asperities and the transparent window were observed. Moreover, because of the 
interference between the light reflected from the interface between the glass and air and the 
light reflected from the specimen, an optical fringe-pattern phenomenon was detected as 
well. If a threshold was applied to the obtained unprocessed image, fringes surrounding the 
actual contacts would produce false contacts, which would result in an overestimated 
contact area. To reduce this error and assess the actual contact area, each image was post-
processed with the image-processing technique introduced by Krick et al. [183]. Namely, 
to determine the real contact area at certain contact pressure, the method requires four 
images. First image (X0) must be taken right before the deformable surface gets in contact 
with a sapphire window. The second image is the one, being analysed (i.e. captured at the 
desired contact pressure), Xn. The remaining two images are taken right before (Xn-1) and 
right after (Xn+1) the analysed one. Next, images Xn-1, Xn and Xn+1 are being averaged (Xa). 
In the following step X0 is subtracted from the Xa. Finally, the resulting image is being 
thresholded. To perform the image-processing procedure the commercial software 
(ImageJ, open source) was used. The described procedure is schematically presented for a 
single asperity in Figure 5-10. Furthermore, the contact between the multi-asperity 
specimen and the sapphire window in our study is presented before and after the applied 
image-processing technique in Figure 5-11. 
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Figure 5-10: Schematical presentation of the image processing technique, proposed by Krick et al. 
[183]. 
 
 
 
Figure 5-11: Image of the contact between the deformable sample and the rigid sapphire window 
under a load of 10 N, (a) captured during the test and (b) the resulting real contact area which was 
set by applying the image-processing technique [183]. 
 
 
5.4.5 Determination of geometric changes for a single-asperity 
when in contact 
From the captured images we were able to monitor how the real contact area changes in 
dependence of contact pressure and deformation of asperities. However, to determine how 
geometry of a single-asperity changes when in contact, and consequently influences the 
contact behaviour of neighbouring asperities, we experimentally monitored the behaviour 
of one asperity. The obtained experimental results were compared to the theoretical 
100 µm100 µm
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Xn Xn-1 Xn+1 Xa 
Xa X0 
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image of the 
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predictions, where actual geometry of an asperity is considered and only vertical 
deformation of the asperity is assumed. Therefore, the theoretical contact behaviour of a 
single-asperity was obtained from the theory of Abbott and Firestone, where the 
dependence between the asperity deformation and real contact area is determined from the 
bearing curve [173]. 
 
To obtain the bearing curve of an actual single-asperity, topography of the analysed 
specimen was measured prior the experimental analysis, by using a 3D optical 
interferometer (Contour GT-K0, Bruker, USA), which is presented in Figure 5-12. A 10 × 
magnification lens was applied for the 3D optical measurements, which resulted in the 
same lateral resolution in the x and y directions (Δx = Δy = 0.334 µm). The vertical 
resolution was better than 0.1 nm. Additionally, a median filter [203] was used to eliminate 
any captured “artificial asperities” due to measurement errors, which could influence the 
theoretical results. 
 
 
 
Figure 5-12: 3D optical interferometer. 
 
On the measured topography an isolated single-asperity was recognized and its bearing 
curve was determined,. By “slicing” the asperity the dependence between the asperity 
deformation and a size of contact area is determined, which is schematically presented in 
Figure 5-13. 
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Figure 5-13: Schematically presented single-asperity and its corresponding bearing curve, from 
which the contact area as a function of the deformation is theoretically determined. 
 
 
5.4.6 Theoretical determination of the real contact area 
behaviour 
In this work experimental results were compared to theoretical predictions of the most 
well-established statistical multi-asperity contact models, described in Chapter 3.1. This 
analysis was performed for 11SMnPb37+C (i.e. St(HV216)) steel with Ra roughness 0.1 
µm, 0.6 µm and 1.0 µm. For the sake of statistical relevance of experimental results, 
several tests were performed for each roughness. However, for consistency of the surface 
features, data and analyses, the results from only one sample of each roughness were used 
throughout the comparative analyses of the experimental and theoretical results, i.e., the 
one that is the closest to the mean values of the analysed parameters. Figure 5-14 shows 
the measured surface topographies, obtained with the same procedure as described in 
Chapter 5.4.5, for representative specimens of each roughness and their comparison with 
the Gaussian distribution, which is assumed in most of the statistical contact models [18]. 
Although real surface distributions are not fully Gaussian, this assumption is quite close to 
it, indicating that the theoretical assumption for the Gaussian distribution is reasonably 
well predicted.  
 
Several different approaches [85, 86, 93] can be used to determine the topographic input 
parameters for the adopted statistical contact models from the measured topographic data. 
In the present study the asperities are identified and geometrically characterized using the 
9-point-peak (9PP) criterion, which seems to be the most accurate one [38]. 9PP criterion 
defines each asperity peak as a surface point higher than its eight nearest neighbours. The 
asperity density (N) and the standard deviation of the asperity heights (σs) directly follow 
from identifying the asperities, whereas the asperity-peak radius is calculated as the radius 
of a least-square sphere fit to all 9 points of the identified asperity [93]. Since most contact 
models require the mean asperity-peak radius (R) as the input, the radii of all the asperities 
identified on the test specimen are averaged to find the mean asperity-peak radius. The 
maximum peak height (Sp), which was used for a unified comparison of the experimental 
and theoretical results, was obtained directly from the measurements of the topography. 
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Contact area, [%] 
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Figure 5-14: Topographies of selected surfaces and their comparison with the Gaussian distribution 
for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
 
From the measured topography the texture aspect ratio (Str) is determined to be 0.25, 0.28 
and 0.29 for the specimens with Ra roughness 0.1 µm, 0.6 µm and 1.0 µm, respectively, 
which indicates that the surface topography of the specimens is anisotropic [204]. 
Although most contact models assume isotropic surfaces in the contact, McCool showed 
that contact models predict similar contact behaviour for surfaces with isotropic and 
anisotropic surface topographies [87, 88]. The surface topography parameters for each Ra 
roughness sample, considered in the theoretical analysis, are summarized in Table 5-2. 
 
0
4000
8000
12000
16000
20000
-2
.3
-2
.0
-1
.6
-1
.2
-0
.9
-0
.5
-0
.1
0
.3
0
.6
1
.0
1
.4
1
.8
2
.1
2
.5
2
.9
F
re
q
u
en
cy
 o
f 
o
cc
u
ra
n
ce
s 
[µm] 
Histogram
Gaussian
distribution
0
9000
18000
27000
36000
45000
-1
.3
-0
.9
-0
.8
-0
.7
-0
.5
-0
.4
-0
.3
-0
.1
0
.0
0
.1
0
.3
0
.4
0
.5
0
.7
0
.8
1
.0
1
.1
1
.4
F
re
q
u
en
cy
 o
f 
o
cc
u
ra
n
ce
s 
[µm] 
Histogram
Gaussian
distribution
0
5000
10000
15000
20000
-3
.4
-2
.9
-2
.5
-2
.0
-1
.6
-1
.1
-0
.7
-0
.2
0
.2
0
.6
1
.1
1
.5
2
.0
2
.4
2
.9
3
.3
4
.0
F
re
q
u
en
cy
 o
f 
o
cc
u
ra
n
ce
s 
[µm] 
Histogram
Gaussian
distribution
4.00 µm 
- 4.00 µm 
a
) 
b
) 
c
) 
Experimental 
80 
Table 5-2: Surface-topography parameters of the test specimens with Ra = 0.1 µm, 0.6 µm and 1.0 
µm. 
Roughness, 
Ra [µm] 
0.10 0.60 1.00 
Maximum peak height (Sp), 
[mm] 
1.39e-03 2.97e-03 4.01e-03 
Asperity density  
(N), [1/m
2
] 
5.08e+10 4.90e+10 3.80e+10 
Mean asperity peak radius 
(R), [mm] 
2.02e-03 1.43e-03 1.37e-03 
Standard deviation of 
asperity heights  
(σs), [mm] 
0.22e-03 0.71e-03 0.77e-03 
Texture aspect ratio (Str), [ / 
] 
0.25 0.28 0.29 
 
 
Based on the material properties (Table 5-1) and the surface-topography parameters (Table 
5-2) the plasticity index (Ψ) is calculated according to the definition of Greenwood and 
Williamson [13] and listed in Table 5-3. The calculated values for Ψ indicate that the 
asperities of all the surfaces undergo a predominantly plastic deformation [13], which 
indicates that elastic-plastic models need to be used for the statistical evaluation. 
Consequently, the most commonly used elastic-plastic statistical models CEB [27], KE 
[28] and JG [29] were selected for a comparison with the experimental results. The 
definitions of these contact models are provided in Chapter 3.1. 
 
Table 5-3: Calculated plasticity index for a representative surface with Ra = 0.1 µm, 0.6 µm and 1.0 
µm. 
Roughness,  
Ra [µm] 
0.10 0.60 1.00 
Plasticity index  
Ψ, [ / ] 
21 45 48 
 
 
While the models violate properties of realistic engineering surfaces in several geometrical 
assumptions, such as isotropic surfaces, Gaussian asperity distribution, the same asperity 
radii, etc., an important restriction is also the asperity deformation mechanics and 
consequent load limit of validity of the models. JG model [29] clearly limits the validity of 
its use to the deformation region where a/R ≤ 0.41 [29] (a denotes contact radius for a 
single asperity). According to the model, beyond this point the asperities are heavily 
plastically deformed that may not be valid for the non-interacting neighbouring asperities 
criterion. In contrast, earlier CEB [3] and KE [20] models, in spite of similar restrictions in 
elastic and elastic-plastic regime, extended the validity of the model to a fully plastic 
regime by an additional term that equals Abbot-Firestone fully plastic assumptions [173], 
and formally allow for calculation in broader range. However, in the KE study [28], the 
analyses are limited to a load of P/An < 0.1·H, not to violate the potential no-interaction 
between asperities [28]. However, in another study it was showed that the single asperity 
KE model [137] can be applied to very high loads of even 2.8·Y with only few percent 
deviation from experiments [176]. Accordingly, in this work we plot the theoretical model 
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results in the same range as available experimental data (up to macro yields stress, namely 
up to 1.0·Y), but clearly marking the valid limit or assumption of potential violation limit 
of the models used. Calculations beyond this point are therefore not “in agreement” to 
these models, but such results are useful information for future studies, since the true 
violation of model assumptions cannot be known from theoretical statistical approach. 
 
In the statistical multi-asperity models parameter d is most commonly used to evaluate 
multi-asperity surface deformation, which is defined as d = z - ωasperities (see Chapter 3.1). 
On the other hand, in experiments surface deformation was measured with ωasperities. Since 
theoretical and experimental ωasperities are not directly comparable due to statistical 
characterization of the z in theoretical models, the deformation in the models was set to a 
zero point, where the theoretical real contact area increased to a value of approximately 0.1 
% of the nominal contact area An, which occurred at around 0.3 % of the yield stress Y, i.e. 
0.003·Y. This is also almost the same to zero deformation in our experiments, which is 
limited to a resolution of the load sensor (0.1 N), corresponding to about 0.7 % of the yield 
stress Y (0.007·Y). 
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6 Results 
6.1 Effect of topographic properties on the real contact 
area behaviour under static loading conditions 
In this chapter we present the effect of different topographic properties (i.e. Ra = 0.1 µm, 
0.6 µm and 1.0 µm) on the behaviour within real multi-asperity contacts. The relationships 
between nominal contact pressure, asperity deformations and real contact area are 
presented for the 11SMnPb37+C steel (i.e. St(HV216)) only. This material presents a type 
of carbon steel, which is commonly used in several engineering applications. 
 
 
6.1.1 Relationship between the real contact area and contact 
pressure for different topographic properties 
Figure 6-1 presents the real contact area as a function of the contact pressure. It is clear that 
the growth in the real contact area is the most obvious for the smoothest surface (Ra = 0.1 
µm), leading to the largest measured real contact area. Moreover, two regions of real-
contact-area growth can be observed for the surfaces with Ra = 0.1 µm. Up to 240 MPa 
(0.55∙Y) the real-contact-area growth is steeper, with the slope coefficient (cs) equal to 
0.07. With a further increase of the contact pressure the real-contact-area growth is slowed. 
cs in this region is only 0.02. 
 
Next, Figure 6-1 shows that the relationship between the real contact area and the contact 
pressure for surfaces with Ra = 0.6 µm and 1.0 µm is almost the same over the whole 
loading region, although the difference in Ra roughness is as high as 50 %. Furthermore, 
the relationship between the real contact area and the contact pressure for Ra = 0.6 µm and 
1.0 µm appears linear, in the first instance. However, a closer look at the obtained results 
again indicates two regions of the real-contact-area growth, which is the same behaviour as 
with the smoothest surface. Similar to the smooth surface, the growth of the real contact 
area for Ra = 0.6 µm and 1.0 µm is faster (cs is 0.03) at a lower contact pressure, up to 150 
MPa (0.35∙Y), while for a contact pressure higher than 150 MPa, cs in both cases (Ra = 0.6 
µm and 1.0 µm) is lower, equal to about 0.02. 
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Figure 6-1: The real contact area Ar/An as a function of the nominal contact pressure p for 
11SMnPb37+C with Ra = 0.1 µm, 0.6 µm and 1.0 µm. The results show the average of at least 
three measurements and the error bars indicate one standard deviation. 
 
 
6.1.2 Relationship between the asperity deformations and 
contact pressure for different topographic properties 
Figure 6-2 presents the relationship between the asperity deformation and the contact 
pressure for Ra = 0.1 µm, 0.6 µm and 1.0 µm. It can be seen that the asperities deform 
more intensively for all three roughnesses up to approximately 180 MPa. For Ra = 0.6 µm 
and 1.0 µm the asperity deformation continues to grow almost linearly with any further 
increase of the contact pressure up to the maximum analysed contact pressure. However, in 
the case of the smoothest surface (Ra = 0.1 µm), an increase in the contact pressure above 
180 MPa does not cause any noticeable deformation of the asperities. 
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Figure 6-2: The asperity deformations ωasperities as a function of the nominal contact pressure p for 
11SMnPb37+C with Ra = 0.1 µm, 0.6 µm and 1.0 µm. The results show the average of at least 
three measurements and the error bars indicate one standard deviation. 
 
It is interesting to note that for the surfaces with all three roughness values the final 
deformation of asperities at the yield strength is very similar when measured relative to 
their maximum peak heights, Figure 6-3. Namely, the asperity deformation is 0.55∙Sp, 
0.42∙Sp and 0.46∙Sp, for Ra = 0.1 µm, 0.6 µm and 1.0 µm, respectively. 
 
 
 
Figure 6-3: The normalized asperity deformations ω/Sp as a function of the normalized contact 
pressure p/Y for 11SMnPb37+C with Ra = 0.1 µm, 0.6 µm and 1.0 µm. The results show the 
average of at least three measurements and the error bars indicate one standard deviation. 
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6.1.3 Relationship between the real contact area and asperity 
deformations for different topographic properties 
 
 
Figure 6-4: The real contact area Ar/An as a function of the asperity deformations ωasperities for 
11SMnPb37+C with Ra = 0.1 µm, 0.6 µm and 1.0 µm. The results show the average of at least 
three measurements and the error bars indicate one standard deviation. 
 
As expected, the real contact area approaches the final value (at the yield strength) at a 
smaller asperity deformations if the roughness is lower, Figure 6-4. Furthermore, the 
largest real contact area, i.e., 20 % of the nominal contact area, was measured in the case of 
the smoothest surface (Ra = 0.1 µm). Moreover, for rough surfaces (Ra = 0.6 µm and 1.0 
µm) the real contact area measured for the highest asperity deformation at the yield stress 
was almost the same, around 10 % of the nominal contact area. 
 
 
6.2 Effect of material properties on the real contact area 
behaviour under static loading conditions 
The following chapter presents the influence of different material properties on the multi-
asperity contact behaviour. For this purpose surfaces made of five different engineering 
relevant materials are analysed and compared for Ra = 0.1 µm, 0.6 µm and 1.0 µm. To 
facilitate comparison and understanding of behaviour for materials with quite different 
mechanical properties, nominal contact pressure, presented in some subchapters, is 
normalized by each material’s yield strength (Y). Furthermore, deformations of asperities 
are normalized with the maximum peak height (Sp) of the tested specimen. 
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6.2.1 Relationship between the real contact area and contact 
pressure for different material properties 
6.2.1.1 Relationship between the real contact area and normalized 
nominal contact pressure for different material properties 
In Figure 6-5 relationship between the real contact area and the normalized contact 
pressure is presented. It is evident that the growth of the real contact area is the fastest for 
POM(HV21), leading to the largest measured real contact area for all analysed roughnesses 
(i.e. Ra = 0.1 µm, 0.6 µm and 1.0 µm). Furthermore, the results show that for all three 
roughnesses the measured real contact area is reaching practically the same value when the 
contact pressure is equal to the yield strength, i.e. 70 % of the nominal contact area. While 
in the case of Ra = 0.1 µm (Figure 6-5-a) the size of the real contact area for POM(HV21) 
within the analysed loading range is up to 2.5-times as large as in the case of metals, this 
becomes even up to 6-times larger for roughnesses Ra = 0.6 µm (Figure 6-5-b) and 1.0 µm 
(Figure 6-5-c). 
 
On the other hand, all analysed metals exhibit very similar contact behaviour, which 
evidently differs from the one observed for POM(HV21). Furthermore, the deviations in 
measured real contact area for metals are decreasing with increasing surface roughness. It 
is evident from the inserts in Figure 6-5 that when contact pressure approaches the yield 
strength the measured real contact area for tested metals is practically within the 
measurement error. 
 
For the smoothest surface, i.e. Ra = 0.1 µm (Figure 6-5-a) Al(HV140), St(HV539) and 
St(HV820) behave similarly over the whole loading range. While the comparison of 
St(HV539) and St(HV820) reveals the largest 25 % deviation in the measured real contact 
area at 0.15∙Y, the largest difference between Al(HV140) on one side and St(HV539) and 
St(HV820) on the other can be observed at 0.57∙Y where Al(HV140) exhibit up to 10 % 
smaller contact area than St(HV539) and St(HV820). At the yield strength the measured 
real contact area for Al(HV140), St(HV539) and St(HV820) is almost the same, around 24 
%, where the deviation in measured values is less than 5 %. The lowest real contact area 
over the whole loading range can be observed for St(HV216), which is ranging up to 
around 20 % of the nominal contact area at Y. Overall, the largest differences between the 
results obtained for metals with Ra = 0.1 µm are 110 %, which were measured at 0.05∙Y. 
 
In the case of Ra = 0.6 µm (Figure 6-5-b) St(HV539) and St(HV820) exhibit practically the 
same relationship between the real contact area and normalized contact pressure, with 
maximum 8 % deviation at 0.57∙Y, over the whole loading range up to the yield strength 
where the measured area for both materials is approximately 13 %. Almost the same size 
of the real contact area (≈13 %) when contact pressure is equal to the yield strength is also 
observed for Al(HV140). However, at lower loads, up to around 0.4∙Y, the deviations 
between Al(HV140) on one side and St(HV539) and St(HV820) on the other are up to 40 
%, which become less evident with further load increase. In the loading range up to 0.4∙Y 
very good agreement between the results for Al(HV140) and St(HV216) can be observed, 
where the deviations between the results are negligible. With further load increase, up to 
the Y, the discrepancies between Al(HV140) and St(HV216) become more prominent. At 
the yield strength the real contact area for St(HV216) is around 10 %, which is around 27 
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% smaller than in case of Al(HV140). In the case of metals with Ra = 0.6 µm the largest 
deviation for the relationship between the real contact area and contact pressure over the 
whole analysed loading range is 53 %, measured at 0.2∙Y, while at the yield strength the 
maximum difference for all metals is around 30 %. 
 
For the roughest surface (i.e. Ra = 1.0 µm), very similar relationships were obtained for 
analysed metals, Figure 6-5-c. The deviations between Al(HV140), St(HV216) and 
St(HV539) are not larger than 27 % (at 0.65∙Y) over the whole loading range. For contact 
pressures up to 0.5∙Y the real contact area in the case of St(HV820) is up to 43 % larger 
than for the rest of metals. However, with further load increase, the deviations between all 
metals become less evident. At the yield strength the real contact area for all metals is 
around 12 % and the maximum deviation is 20 %. 
 
As already described in detail for St(HV216) (Figure 6-1), two regions of real contact area 
growth are distinguished for all materials with Ra 0.1 µm. Steeper growth of the contact 
area is observed at lower loads. Namely, up to 0.25∙Y and 0.10∙Y in case of POM(HV21) 
and Al(HV140), respectively, while in case of steels the transition occurs when the contact 
pressure is around 0.55∙Y. For rougher surfaces (Ra 0.6 µm and 1.0 µm) the changes in the 
real contact area growth become almost imperceptible in case of metals, while for polymer 
transition between two regions (at 0.2∙Y) is still evident. 
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(b) 
 
  
(c) 
 
Figure 6-5: The real contact area Ar/An as a function of the normalized contact pressure p/Y for 
different materials with Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. The results show the average of 
at least three measurements and the error bars indicate one standard deviation. 
 
 
6.2.1.2 Relationship between the real contact area and nominal contact 
pressure for different material properties 
To understand how the real contact area for different materials behaves under the same 
loading conditions, Figure 6-6 presents the relationship between the real contact area and 
nominal contact pressure. Since the yield strength for polymer POM (i.e. POM(HV21)) is 
only 68 MPa and the differences in comparison with metals are evident in Figure 6-5, only 
results obtained for metals are presented here. Because each material was tested up to the 
yield strength and these values for metals range from 320 MPa (Al(HV140)) up to 2361 
MPa (St(HV820)), the comparison is made only for contact pressures 100 MPa, 200 MPa 
and 300 MPa where all metals were tested. 
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The results show that for all three analysed roughnesses and nominal contact pressures the 
fastest growth, and with this related largest size, of the real contact area is observed for the 
softest material, i.e. aluminium alloy Al(HV140), followed by harder steels St(HV216), 
St(HV539) and St(HV820), accordingly. This is somehow expected and logical since the 
analysed contact pressures present approximately 0.3∙Y, 0.5∙Y and Y of Al(HV140), while 
in the case of the hardest material (i.e. St(HV820)), where the slowest growth and the 
smallest size of the real contact area is measured, the analysed pressures are equal to 
0.05∙Y, 0.08∙Y and 0.12∙Y of St(HV820). 
 
For the smoothest surfaces (i.e. Ra = 0.1 µm (Figure 6-6-a)) a contact pressure 100 MPa 
results in around 12 % real contact area for Al(HV140). At the same contact pressure the 
real contact area is about half that size (6 %) in the case of St(HV216) and St(HV539) and 
only 2.5 % for St(HV820). By increasing the contact pressure the real contact area 
logically increase. Therefore, by increasing the contact pressure to 200 MPa and 300 MPa, 
the real contact area increases for approximately 50 % and 100 %, respectively. 
 
Much smaller values of the real contact area are obtained for rougher surfaces (i.e. Ra = 0.6 
µm (Figure 6-6-b) and 1.0 µm (Figure 6-6-c)). However, as already noticed in Chapter 
6.2.1.1 the real contact area behaviour for metals is very similar for both roughnesses. 
Namely, at 100 MPa Al(HV140) with Ra = 0.6 µm and 1.0 µm the real contact area is 
around 4 %, while the value is even lower (down to 1 % of the nominal contact area) for 
analysed steels. For both rough surfaces (i.e. Ra = 0.6 µm and 1.0 µm) the real contact area 
at 200 MPa ranges from around 2 % (St(HV820) to approximately 8 % (Al(HV140)) of the 
nominal contact area. Increasing the contact pressure up to 300 MPa results in 
approximately 12 %, 7.5 %, 5 % and 3.5 % contact area for Al(HV140), St(HV216), 
St(HV539) and St(HV820), respectively, which is in average 50 % smaller contact area 
than in the case of the smoothest surface (i.e. Ra = 0.1 µm). 
 
How the observed real contact area behaviour is influenced by different material 
parameters is described later on in Chapter 6.2.4. 
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(b) 
 
  
(c) 
 
Figure 6-6: The real contact area Ar/An as a function of the nominal contact pressure p for metals 
with Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. The results show the average of at least three 
measurements and the error bars indicate one standard deviation. 
 
 
6.2.2 Relationship between the asperity deformations and 
contact pressure for different material properties 
6.2.2.1 Relationship between the asperity deformations and normalized 
contact pressure for different material properties 
Figure 6-7 presents how asperity deformations change with increasing contact pressure. 
The results for POM(HV21) show that for the surface with Ra = 0.1 µm (Figure 6-7-a) 
deformation of asperities is similar as in the case of metals over the whole loading range. 
This is somehow surprising since the real contact area behaviour for POM(HV21) 
evidently differs from the observed behaviour for metals (Figure 6-5-a). For contact 
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pressures lower than 0.15∙Y deformation of asperities is fast until asperities are deformed 
for about 0.45∙Sp. Contact pressure increase (up to 0.6∙Y) does not cause any prominent 
deformation of asperities. However, when the pressure is larger than 0.6∙Y asperities 
continue to deform up to about 0.7∙Sp at yield strength. In the case of rougher surfaces (i.e. 
Ra = 0.6 µm (Figure 6-7-b) and 1.0 µm (Figure 6-7-c)) over the whole loading range (from 
0 MPa up to yield strength) asperities constantly deform up to approximately the same 
value as in case of Ra = 0.1 µm (i.e. 0.7∙Sp). In both cases deformations of asperities are 
faster and up to 60 % larger than for metals. 
 
Over the whole loading range a relationship between the normalized asperity deformations 
and contact pressure is in general very similar for all metals in the case of the smoothest 
surface, i.e. Ra = 0.1 µm (Figure 6-7-a). An in-depth look reveals that when contact 
pressure is lower than 0.35∙Y asperity deformations are increasing slower in case of 
St(HV216) than for Al(HV140), St(HV539) and St(HV820). Moreover, for pressure up to 
0.15∙Y the deformations of asperities are more intensive, reaching the value of around 
0.45∙Sp. In the case of St(HV216) the growth is decreased when contact pressure is larger 
than 0.35∙Y. A further increase of contact pressure up to the yield strength does not cause 
any noticeable deformation of the asperities for any of the analysed metals.  
 
For Ra = 0.6 µm (Figure 6-7-b) the same trend is observed for all analysed metals over the 
whole loading range. The growth of asperity deformations is the most intense for contact 
pressure up to around 0.15∙Y where the largest (≈ 30 %) difference in measured 
deformations is also observed for metals. Thus at 0.15∙Y asperities are deformed from 
0.26∙Sp (St(HV216)) up to 0.35∙Sp (St(HV820). With further contact pressure increase the 
differences in asperity deformations are decreasing. Therefore, at yield strength, where 
asperities are deformed for approximately 0.40∙Sp, the deviation between metals is only 6 
%.  
 
Similar as in the case of Ra = 0.1 µm and 0.6 µm the deformation of asperities for Ra = 1.0 
µm (Figure 6-7-c) is the most intense at initial contact pressures (up to ≈0.15∙Y) where the 
deviations in asperity deformations for analysed metals are less than 20 %, which is in 
even better agreement than in the case of Ra = 0.6 µm. With further contact pressure 
increase (up to the yield strength) the differences in measured deformations at particular 
p/Y are within the measurement error. When contact pressure is equal to the yield strength 
asperities are deformed for about 0.50∙Sp, which is similar to the achieved deformation in 
the case of Ra = 0.1 µm and 0.6 µm. 
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(a) 
 
  
(b) 
 
  
(c) 
 
Figure 6-7: The deformation of asperities ωasperities/Sp as a function of the normalized nominal 
contact pressure p/Y for different materials with Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. The 
results show the average of at least three measurements and the error bars indicate one standard 
deviation. 
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6.2.2.2 Relationship between the asperity deformations and nominal 
contact pressure for different material properties 
Figure 6-8 presents how asperities for different materials deform when the same nominal 
contact pressure is applied. For the same reasons as in Chapter 6.2.1.2 the results are 
presented only for metals and contact pressures 100 MPa, 200 MPa and 300 MPa. 
 
Similar as in the case of real contact area (Figure 6-6), for all three roughnesses, (i.e. Ra = 
0.1 μm, 0.6 μm and 1.0 μm) and analysed nominal contact pressures (i.e. 100 MPa, 200 
MPa and 300 MPa), the largest asperity deformations are observed for Al(HV140), 
followed by St(HV216), St(HV539) and St(HV820), respectively. 
 
While in the case of Ra = 0.1 µm large differences are observed in measured real contact 
area for different materials (Figure 6-6-a), these deviations are less evident for asperity 
deformations (Figure 6-8-a). Namely, when contact pressure is equal to 100 MPa, 
asperities on the softest material (i.e. Al(HV140)) are deformed for around 0.5∙Sp. On the 
other hand, at the same contact pressure asperities for the hardest material (i.e. St(HV820)) 
are deformed for approximately 0.35∙Sp. Therefore, the maximum deviation in asperity 
deformations at 100 MPa is less than 30 %. When contact pressure is increased for 100 % 
(200 MPa) the deformations of asperities increase for not more than 30 % and the 
deviations between analysed metals are around 20 %. By increasing the contact pressure 
for additional 100 MPa the asperity deformations increase for only up to 5 %, while the 
maximum difference in measured deformation (i.e. between Al(HV140) and St(HV820)) 
remains approximately 20 %. 
 
For analysed metals with rougher surfaces (i.e. Ra = 0.6 µm and 1.0 µm) normalized 
asperity deformations (i.e. ωasperities/Sp) for analysed nominal contact pressures (i.e. 100 
MPa, 200 MPa and 300 MPa) are smaller than in the case of Ra = 0.1 µm. For Ra = 0.6 µm 
(Figure 6-6-b) at 100 MPa asperity deformations range between 0.24∙Sp (St(HV820)) and 
0.32∙Sp (Al(HV140)). Therefore, the difference is less than 30 %, which is practically the 
same difference as for 100 MPa in the case of Ra = 0.1 µm. When the contact pressure is 
increased to 200 MPa and 300 MPa, the deformations for all metals increase for about 20 
% and 40 %, respectively. The maximum deviation in asperity deformations at 200 MPa 
and 300 MPa is practically the same as in the case of Ra = 0.1 µm, i.e. 20 %. 
 
Although the measured normalized asperity deformations for Ra = 1.0 µm (Figure 6-8-c) 
are similar as in the case of Ra = 0.6 µm, the differences between the analysed materials are 
larger. Namely, at 100 MPa the difference in measured asperity deformations between the 
softest (Al(HV140)) and hardest (St(HV820)) material is around 50 %. while it slightly 
decreases with increasing contact pressure. Therefore, at 200 MPa and 300 MPa the 
maximum deviation in measured deformation is around 45 % and 40 %, respectively. 
 
The effect of different material parameters on the asperity deformations is further 
described in Chapter 6.2.4. 
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(a) 
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Figure 6-8: The deformation of asperities ωasperities/Sp as a function of the nominal contact pressure 
p for metals with Ra (a) 0.1 μm, (b) 0.6 μm and (c) 1.0 μm. The results show the average of at least 
three measurements and the error bars indicate one standard deviation. 
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6.2.3 Relationship between the real contact area and asperity 
deformations for different material properties 
The relationship between the real contact area and asperity deformations exhibit very 
similar behaviour for metals (i.e. Al(HV140),St(HV216), St(HV539) and St(HV820)), 
while differences are more prominent when compared to polymer (i.e. POM(HV21)), 
Figure 6-9. 
 
For the POM(HV21) with the smoothest surface (Figure 6-9-a) the real contact area is 
gradually growing for deformations up to 0.45∙Sp, where about 15 % contact area is 
reached. However, when asperities are further deformed for less than 0.05∙Sp, the real 
contact area rapidly increases from 15 % to 55 % (≈260 % increase) of the nominal contact 
area. When nominal contact pressure approaches the yield strength, asperities start to 
deform faster, while the real contact area growth decreases. Therefore, when asperity 
deformations increase for additional 30 % (from approximately 0.5∙Sp to 0.65∙Sp (measured 
at yield strength)), the real contact area further increases for only 15 %, reaching about 70 
% of the nominal contact area. The growth of the real contact for POM(HV21) with 
increasing asperity deformations is more stable in the case of Ra = 0.6 μm (Figure 6-9-b) 
and Ra = 1.0 μm (Figure 6-9-c). Here, the real contact area constantly grows over the 
whole asperity deformation range. Moreover, for both rougher surfaces practically the 
same real contact area is measured when asperities are deformed for the same rate of 
maximum surface height (Sp). Therefore, when contact pressure is equal to the yield 
strength, asperities for both roughnesses (i.e. Ra = 0.6 μm and 1.0 µm) are deformed for 
about 0.7·Sp and the size of the real contact area is close to 70 % of the nominal contact 
area. These are practically the same values of asperity deformations and contact area as 
measured at the same pressure in the case of the smoothest surface (i.e. Ra = 0.1 μm), 
which is surprising with regard to the wide range of analysed roughness. While for Ra = 0.1 
μm discrepancies between POM(HV21) and metals are large, the deviations in behaviour 
are less evident for Ra = 0.6 μm and 1.0 µm. In the same deformation range POM(HV21) 
always exhibit larger real contact area, however the real contact area growth trend is the 
same as for metals. 
 
In the case of the smoothest surface (Figure 6-9-a) the real contact area for all analysed 
metals is within the measurement error for asperity deformations up to around 0.2∙Sp 
(Figure 6-9-a). With further increase of deformations, up to approximately 0.6∙Sp (which 
corresponds to contact pressure equal to the yield strength), all metals remain in a good 
agreement (maximum 50 % difference) reaching approximately the same size of the real 
contact area, i.e. ≈ 24 % of the nominal contact area. 
 
Similar behaviour for the relationship between the real contact area and the asperity 
deformations is observed for metals in the case of Ra = 0.6 μm (Figure 6-9-b) and Ra = 1.0 
μm (Figure 6-9-c). For these two roughnesses the real contact area grows with a constant 
increase of asperity deformations for all metals. In comparison to Ra = 0.1 μm deviations in 
measured real contact area as a function of asperity deformations are decreasing for 
rougher surfaces (i.e. Ra = 0.6 μm and 1.0 µm). Namely, in the case of Ra = 0.6 μm (Figure 
6-9-b) the largest difference in measured real contact area at certain ωasperities/Sp are around 
40 % (at ωasperities/Sp = 0.4), while for Ra = 0.6 μm (Figure 6-9-c) the deviations in contact 
area are within the measuring error. 
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(a) 
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Figure 6-9: The real contact area Ar/An as a function of the asperity deformations ωasperities/Sp for 
different materials with Ra (a) 0.1 μm, (b) 0.6 μm and (c) 1.0 μm. The results show the average of 
at least three measurements and the error bars indicate one standard deviation. 
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6.2.4 Relationship between the contact behaviour and material 
parameters 
In this Chapter the effect of material parameters (Table 5-1) on the real contact area and 
asperity deformations is investigated. For the same reason as already mentioned in Chapter 
6.2.1.2 the comparison is made only for metals and the nominal contact pressure range of 
100 – 300 MPa. 
 
The analysis showed that for relevant material parameters and their ratios (E, υ, H, Y, Y/E 
and H/E) a good agreement with contact parameters was observed only for H and Y. Thus, 
only the results for H and Y are presented in this Chapter. The relationships between other 
material parameters (E, υ, Y/E and H/E) and contact behaviour are collected in Appendix. 
 
 
6.2.4.1 Effect of hardness (H) on the real contact area 
Figure 6-10 shows how the real contact area, measured at the same nominal contact 
pressure, behaves as a function of hardness. It is evident that for all three analysed 
roughnesses (i.e. Ra = 0.1 μm, 0.6 µm and 1.0 µm) and contact pressures (i.e. 100 MPa, 
200 MPa and 300 MPa) the real contact area is decreasing with increasing hardness. 
 
The largest discrepancies in the real contact area at particular hardness are evident for the 
smoothest surfaces (i.e. Ra = 0.1 μm), Figure 6-10-a. For all three analysed nominal contact 
pressures the real contact area is decreasing with increasing hardness. Namely, when 
nominal contact pressure is 100 MPa the real contact area for the softest analysed material 
(i.e. H=1370 MPa) is 12 %. By increasing the hardness for about 50 % (i.e. H=2120 MPa) 
the size of the real contact area decreases also for approximately 50 %. Although the 
difference between H=2120 MPa and H=5286 MPa is 85 % the measured real contact area 
at 100 MPa is the same, i.e. 6 % of the nominal contact area. With further hardness 
increase, up to H=8042 MPa, the size of the real contact area drops down to 2.50 %. 
Therefore, at 100 MPa the hardness increase from H=1370 MPa to H=8042 MPa (almost 
500 % increase in hardness) results in 80 % decrease of the real contact area. At 200 MPa 
the real contact area for H=1370 MPa presents 18 % of the nominal contact area. When the 
hardness increases up to H=2120 MPa, the size of the contact area drops for about 25 %. 
For H=5286 MPa the real contact area is 10 %, which is about 50 % smaller than in case of 
H=1370 MPa. Again, the smallest real contact area is measured on the hardest material 
with H=8042 MPa, where the real contact area at 200 MPa is 4 %, which is almost 80 % 
smaller than in case of H=1370 MPa. Almost identical behaviour of the real contact is also 
evident for 300 MPa. However, as expected, at any hardness the real contact area values 
are about 30 % larger than in case of 200 MPa. Comparison of the results at certain 
hardness also reveals that although the absolute differences in measured real contact area 
within the analysed loading range (i.e. 100 – 300 MPa) decrease with increasing hardness, 
the relative differences are similar (≈70 %) at any hardness. 
 
Similar as for the smoothest surface (Ra = 0.1 μm) the size of the real contact area 
decreases with increasing hardness also in the case of rougher surfaces (i.e. Ra = 0.6 μm 
and 1.0 µm). However it is evident that a decrease of the real contact area in dependence of 
hardness is less evident than in the case of the smoothest surface. Namely, in the case of Ra 
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= 0.6 μm (Figure 6-10-b) the size of the real contact area for the softest material (H=1370 
MPa) at 100 MPa is 4.2 % and it decreases for only 20 % when the hardness increases for 
50 % (H=2120 MPa). A 120 % difference in hardness between H=1370 MPa and H=5286 
MPa results in almost 30 % decrease of the real contact area. A decrease in contact area is 
more prominent (i.e. almost 80 %) when the hardness increases from H=1370 MPa to 
H=8042 MPa, which at 100 MPa results in only 1 % real contact area. As expected the 
measured real contact area at higher nominal contact pressures (i.e. 200 MPa and 300 
MPa) is larger than at 100 MPa. Namely, at 200 MPa the real contact area for the softest 
material (i.e. H=1370 MPa) is 8.2 %. Increasing the hardness for about 50 %, 300 % and 
500 % results in 35 %, 40 % 60 % decrease of the real contact area, accordingly. Similar 
ratios are also observed in the case when nominal contact pressure is 300 MPa. However, 
as expected the size of the real contact area for any hardness is (approximately 50 %) 
larger than for 200 MPa. 
 
In the case of Ra = 1.0 μm (Figure 6-10-c) the measured real contact area for the softest 
material (H=1370 MPa) at 100 MPa is 3.90 %. A 50 %, 300 % and 500 % hardness 
increase causes 10 %, 45 % and 70 % decrease of the real contact area, respectively. For 
contact pressure 200 MPa the largest measured real contact area (for H=1370 MPa) 
presents 7.6 % of nominal contact area. For H=2120 MPa, H=5286 MPa and H=8042 MPa 
the size of the contact area is 30 %, 50 % and 70 % smaller than in the case of the softest 
material (i.e. H=1370 MPa), accordingly. Almost identical differences are evident also for 
300 MPa, however the values are about 50 % larger than for 200 MPa. 
 
As in the case of the smoothest surface (i.e. Ra = 0.1 μm) the absolute differences in 
measured real contact area for the loading range 100 – 300 MPa decrease with increasing 
hardness for both rougher surfaces (i.e. Ra = 0.6 μm and 1.0 µm), while the relative 
differences are again fairly constant, although larger (≈100 %) than for the Ra = 0.1 μm. 
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(b) 
 
  
(c) 
 
Figure 6-10: The real contact area Ar/An as a function of the hardness H for Ra (a) 0.1 µm, (b) 0.6 
µm and (c) 1.0 µm. 
 
 
6.2.4.2 Effect of yield strength (Y) on the real contact area 
Similar results as in the case of the relationship between the real contact area and the 
hardness are evident also for the dependence between the real contact area and yield 
strength. This is not surprising since H and Y are correlated [1, 84, 111]. Results show that 
the real contact area at certain nominal contact pressure is decreasing with increasing yield 
strength. 
 
In the case of the smoothest surface (i.e. Ra = 0.1 μm) the largest real contact area is 
measured on the material with the lowest yield strength (i.e. Y = 320 MPa) for all three 
analysed nominal contact pressures, Figure 6-11-a. Namely, when nominal contact 
pressure is equal to 100 MPa, 200 MPa and 300 MPa, the real contact area in the case of 
the softest material with Y = 320 MPa is 12 %, 18 % and 22.5 %, respectively. Increasing 
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the yield strength for 30 % (i.e. Y = 425 MPa) results in 50 % decrease of the contact area, 
when contact pressure is equal to 100 MPa. The same size of the contact area is also 
observed for the material with Y = 965 MPa, although the difference between Y = 425 MPa 
and Y = 965 MPa is almost 80 %. In comparison to Y = 320 MPa the real contact area at 
100 MPa is 80 % smaller for the material with almost 650 % larger yield strength (i.e. Y = 
2361 MPa). When the contact pressure is 200 MPa a 30 %, 200 % and 650 % increase in 
yield strength (with respect to Y = 320 MPa) results in approximately 25 %, 50 % and 80 
% smaller real contact area, respectively. The same trend is also evident for 300 MPa, 
however the contact area values are about 30 % larger than for 200 MPa. 
 
Similar as for the smoothest surface (Ra = 0.1 μm) the size of the real contact area 
decreases with increasing yield strength also in the case of rougher surfaces (i.e. Ra = 0.6 
μm (Figure 6-11-b) and 1.0 µm (Figure 6-11-c)). However it is evident that a decrease of 
the real contact area in dependence of yield strength is less evident than in the case of the 
smoothest surface. Namely, in the case of Ra = 0.6 μm (Figure 6-11-b) the size of the real 
contact area for the material with the lowest yield strength (Y = 320 MPa) at 100 MPa is 
4.2 % and it decreases for only 20 % when the yield strength increases for 30 % (Y = 425 
MPa). A 200 % difference in yield strength between Y = 320 MPa and Y = 965 MPa results 
in almost 30 % decrease of the real contact area. A decrease in contact area is more 
prominent (i.e. almost 80 %) when the yield strength increases from Y = 320 MPa to H= 
2361 MPa (approximately 650 % increase), which at 100 MPa results in 1 % real contact 
area. As expected the measured real contact area at higher nominal contact pressures (i.e. 
200 MPa and 300 MPa) is larger than at 100 MPa. Namely, at 200 MPa the real contact 
area for the softest material with Y = 320 MPa is 8.2 %. Increasing the yield strength for 
about 30 %, 200 % and 650 %, results in 35 %, 40 % 60 % decrease of the real contact 
area, accordingly. Similar ratios are also observed in the case when nominal contact 
pressure is 300 MPa. However, as expected the size of the real contact area for any yield 
strength is (approximately 50 %) larger than for 200 MPa. 
 
In the case of Ra = 1.0 μm (Figure 6-11-c) the measured real contact area for the material 
with Y = 320 MPa is 3.90 % when nominal contact pressure is 100 MPa. A 30 %, 200 % 
and 650 % yield strength increase causes 10 %, 45 % and 70 % decrease of the real contact 
area, respectively. For contact pressure 200 MPa the largest real contact area (measured for 
Y = 320 MPa) presents 7.6 % of nominal contact area. For Y = 425 MPa, Y = 965 MPa and 
Y = 2361 MPa the size of the contact area is 30 %, 50 % and 70 % smaller than in the case 
of the material with the lowest yield strength (i.e. Y = 320 MPa), accordingly. Almost 
identical differences are evident also for 300 MPa, however the measured values are about 
50 % larger than for 200 MPa. 
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(c) 
 
Figure 6-11: Real contact area Ar/An as a function of yield strength Y for Ra (a) 0.1 µm, (b) 0.6 µm 
and (c) 1.0 µm. 
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6.2.4.3 Effect of hardness (H) on the asperity deformations 
The same trend as in the case of real contact area is (Figure 6-11) also evident for the 
asperity deformations (Figure 6-12). Namely, for the analysed contact pressure range (i.e. 
100 – 300 MPa) the reached asperity deformations are decreasing with increasing hardness 
(H) and yield strength (Y). 
 
In the case of the softest material (i.e. H = 1370 MPa) with the smoothest surface (i.e. Ra = 
0.1 μm) asperities are deformed for 50 %, of the maximum surface height (Sp) value, when 
nominal contact pressure is 100 MPa, Figure 6-12-a. By increasing hardness up to H = 
8042 MPa (for almost 500 %) reached asperity deformations at 100 MPa are only 25 % 
smaller than in the case of the softest material. For nominal contact pressures 200 MPa and 
300 MPa the obtained asperity deformations at certain hardness are practically the same, 
and are up to 30 % larger than for 100 MPa. While in the case of H = 1370 MPa the 
deformation of asperities at 200 and 300 MPa is about 0.6∙Sp, this decreases for only up to 
20 % when the hardness is increased for 500 %. 
 
For surfaces with Ra = 0.6 μm (Figure 6-12-b) and H = 1370 MPa asperities are deformed 
for approximately 0.30∙Sp, when contact pressure is 100 MPa. By increasing the hardness 
for 50 %, 300 % and 500 % reached asperity deformations are decreasing for 15 %, 20 % 
and 25 %, respectively. Almost identical trend can also be observed for contact pressures 
200 MPa and 300 MPa. However, asperity deformations values in the case of 200 MPa and 
300 MPa are 25 % and 40 % larger than for 100 MPa, accordingly. 
 
In the case of the roughest analysed surfaces (Figure 6-12-c) contact pressure 100 MPa 
causes asperities on the softest material (i.e. H = 1370 MPa) to deform for about 35 % of 
the maximum surface height. With further hardness increase for 50 %, 300 and 500 %, 
reached deformations decrease for about 15 %, 20 % and 40 %, respectively. Similar trend 
is also evident for contact pressures 200 MPa and 300 MPa where deformations are up to 
30 % and 50 % larger than for 100 MPa, accordingly. 
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(b) 
 
  
(c) 
 
Figure 6-12: The deformation of asperities ωasperities/Sp as a function of the hardness H for Ra (a) 0.1 
µm, (b) 0.6 µm and 1.0 µm. 
6.2.4.4 Effect of yield strength (Y) on the asperity deformations 
In the case of the smoothest surface (Figure 6-13-a) with the lowest yield strength (i.e. Y = 
320 MPa) asperities are deformed for 50 %, of the maximum surface height (Sp) value, 
when nominal contact pressure is 100 MPa. By increasing the yield strength up to Y = 2361 
MPa (for almost 650 %) reached asperity deformations at 100 MPa are only 25 % smaller 
than in the case of Y = 320 MPa. For nominal contact pressures 200 MPa and 300 MPa the 
obtained asperity deformations at certain yield strength are practically the same, and are up 
to 30 % larger than for 100 MPa. While in the case of Y = 320 MPa the deformation of 
asperities at 200 and 300 MPa is about 0.6∙Sp, this decreases for only up to 20 % when the 
yield strength is increased for 650 %. 
 
For surfaces with Ra = 0.6 μm (Figure 6-13-b) and Y = 320 MPa asperities are deformed 
for approximately 0.30∙Sp, when contact pressure is 100 MPa. By increasing the yield 
strength for 30 %, 200 % and 650 % reached asperity deformations are decreasing for 15 
%, 20 % and 25 %, respectively. Almost identical trend can also be observed for contact 
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pressures 200 MPa and 300 MPa. However, asperity deformations values in the case of 
200 MPa and 300 MPa are 25 % and 40 % larger than for 100 MPa, accordingly. 
 
In the case of the roughest analysed surfaces (Figure 6-13-c) contact pressure 100 MPa 
causes asperities on the material with Y = 320 MPa to deform for about 35 % of the 
maximum surface height. With further yield strength increase for 30 %, 200 and 650 %, 
reached deformations decrease for about 15 %, 20 % and 40 %, respectively. Similar trend 
is also evident for contact pressures 200 MPa and 300 MPa where deformations are up to 
30 % and 50 % larger than for 100 MPa, accordingly. 
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(c) 
 
Figure 6-13: The deformation of asperities ωasperities/Sp as a function of the yield strength Y for Ra 
(a) 0.1 µm, (b) 0.6 µm and 1.0 µm. 
 
 
6.3 Effect of deformation regime and work-hardening on 
the multi-asperity contact behaviour 
To explain the reasons for the observed relationships between the contact behaviour and 
the topographic (Chapter 6.1) and material (Chapter 6.2) properties, the effect of actual 
multi-asperity contact mechanics on the contact behaviour is investigated in this Chapter. 
Moreover, the results will also help to determine the causes for the observed deviations 
between the theoretical predictions and actual contact behaviour, presented later on in 
Chapter 6.5. Since all metals in general exhibit similar contact behaviour the following 
analysis is conducted only for common carbon steel 11SMnPb37+C (i.e. St(HV216)) with 
Ra = 0.1 µm, 0.6 µm and 1.0 µm. 
 
 
6.3.1 Experimental determination of the deformation regime for 
the multi-asperity contacts 
Figure 6-14 shows deformation of asperities as a function of contact pressure, obtained by 
step-loading experiments. As can be seen the total deformation (i.e. elastic + plastic) for all 
three roughnesses is similar as in the case of continuous loading to the yield strength. 
Namely, increasing contact pressure to the yield strength causes asperities on the 
smoothest surface (Figure 6-14-a) to deform up to around 0.6∙Sp, while in the case of Ra = 
0.6 µm (Figure 6-14-b) and Ra = 1.0 µm (Figure 6-14-c) these reach around 0.5∙Sp.  
 
According to the calculated plasticity indexes for St(HV216) with roughnesses Ra = 0.1 
µm, 0.6 µm and 1.0 µm (Table 5-3), where Ψ ranges between 20 (i.e. Ra = 0.1 µm) and 50 
(i.e. Ra = 0.6 µm and 1.0 µm), it is expected that surfaces undergo fully plastic deformation 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 500 1000 1500 2000 2500
N
o
rm
al
iz
ed
 a
sp
er
it
y
 
d
ef
o
rm
at
io
n
s 
ω
a
sp
er
it
ie
s/
S
p
, 
[ 
/ 
] 
Yield strength Y, [MPa] 
100 MPa
200 MPa
300 MPa
Results 
107 
regime. As can be seen from Figure 6-14-b and Figure 6-14-c plastic deformation actually 
predominates in the case of rougher surfaces at all contact pressures. However, some 
elastic deformation is always present, even when the contact pressure reaches the yield 
strength. On the other hand the elastic deformation is more prominent in the case of the 
smoothest analysed surface where its contribution to the total deformation of asperities 
remains large even when contact pressure approaches the yield strength. 
 
A more detailed characterization of asperity deformations is presented in Figure 6-15, 
which shows how a portion of elastic and plastic deformation changes with increasing 
contact pressure. 
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(c) 
 
Figure 6-14: The elastic and plastic deformation of asperities ωasperities/Sp as a function of the 
normalized contact pressure p/Y for 11SMnPb37+C with Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
 
The results for Ra = 0.1 µm are presented in Figure 6-15-a. It is evident that at initial 
contact pressure (up to around 0.2∙Y), which causes almost 0.5∙Sp deformation of asperities 
(≈ 85 % of the whole measured deformation), elastic deformation predominates where 
around 55 % of the vertical deformation is recoverable, i.e. elastic. With further contact 
pressure increase the share of elastic deformation is decreasing while plastic deformation 
increases. When p/Y is equal to 0.8 around 40 % of the whole vertical deformation is 
elastic and the same ratio between elastic and plastic deformation remains up to the yield 
stress. 
 
In the case of Ra = 0.6 µm (Figure 6-15-b) and Ra = 1.0 µm (Figure 6-15-c) a mechanical 
behaviour of asperities is almost identical despite quite large (50 %) difference in 
roughness. At initial contact pressure (i.e. 0.2∙Y) about 80 % of the whole asperity 
deformation is plastic. With further pressure increase up to the yield stress, the growth of 
plastic deformation is slowly increasing. Within the loading range between 0.2∙Y and Y the 
share of plastic deformation increases for only about 10 %. Therefore, when contact 
pressure is equal to the yield stress around 90 % of the whole measured asperity 
deformation is plastic. The share of plastic deformation at yield stress is therefore 60 % 
larger for rougher surfaces (Ra = 0.6 µm and 1.0 µm) than in case of Ra = 0.1 µm. 
 
It is evident from the results that for all three roughnesses the largest share of elastic 
deformation is present at initial contact pressures and it constantly decreases with 
increasing contact pressure. However, despite large applied contact pressure (up to yield 
stress) some elastic deformation is always present in contacting asperities.  
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(a) 
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Figure 6-15: The percentage share of elastic and plastic deformation as a function of the 
normalized contact pressure p/Y for multi-asperity contact with Ra (a) 0.1 µm, (b) 0.6 µm and (c) 
1.0 µm. 
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6.3.2 Experimental determination of the asperity work-
hardening effect on a nano scale 
Results of the measured nanohardness, which were measured with nanoindenter at 30 mN 
are depicted in Figure 6-16. A red marker presents an average value of nanohardness 
measured on an undeformed reference specimen, which was 3.35±0.08 GPa. Black dots 
present nanohardness measurements on plateaus of deformed asperities of specimens with 
analysed roughnesses after the testing. Each black dot presents a single nanohardness 
measurement on a particular asperity plateau. Due to different shapes and heights of 
asperities, which do not come in contact simultaneously, larger deviations in measured 
nanohardness are expected. 
 
In the case of the smoothest sample (Figure 6-16-a), where the deviation in asperity heights 
is also the smallest, it can be seen that the majority of measurements are distributed 
between 3.64 GPa and 4.06 GPa. This is somehow expected since the asperity peaks are 
more evenly distributed than in case of rougher surfaces. Moreover, lower measured 
nanohardness, which is in average slightly above the reference values, indicate that the 
majority of asperity peaks undergo smaller deformation hardening Nonetheless, there are 
still some higher peaks present also on the smoothest surface, which are strain hardened to 
the higher values (maximum measured nanohardness for Ra = 0.1 µm is 5.28 GPa). 
 
The nanohardness measurements on Ra = 0.6 µm (Figure 6-16-b) are showing that the 
values are slightly more evenly distributed between the minimum value of 3.35 GPa, 
which is also equal to hardness of the reference specimen, and the maximum value of 5.12 
GPa, than in the case of the smoothest surface. The distribution of nanohardness 
measurements is aligned with the topography height distribution, where higher surface 
peaks were more deformed and hence greater deformation hardening and higher 
nanohardness values are obtained than in case of the smoothest surface. 
 
Similar results as in the case of Ra = 0.6 µm are also obtained for Ra = 1.0 µm (Figure 
6-16-c). Namely, measured values are fairly evenly distributed between the minimum 
(reference) and maximum (i.e. 5.46 MPa) nanohardness. Since a deviation in asperity 
heights is even larger than for Ra = 0.6 µm, it seems reasonable that the maximum 
nanohardness is slightly larger than in case of Ra = 0.1 µm and Ra = 0.6 µm. 
 
Considering a large roughness (i.e. Ra between 0.1 µm and 1.0 µm) and loading (0 MPa –
Y) range, the deviation in maximum measured nanohardness for all three roughnesses after 
the loading is rather small, i.e. 6 %. Nevertheless, the comparison of measured hardness 
prior and after the loading reveals that nanohardness of asperities, when subjected to 
contact pressure equal to the yield strength, increases up to 60 %. 
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(a) 
 
  
(b) 
 
  
(c) 
 
Figure 6-16: The nanohardness of asperities as a function of the penetration depth, which is 
achieved with the nanoindentation load of 30 mN, for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
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6.4 Effect of asperity geometry on the multi-asperity 
contact behaviour 
6.4.1 Influence of the coalescence of asperities on the multi-
asperity contact behaviour 
 Ra = 0.1 µm Ra = 0.6 µm Ra = 1.0 µm 
(a) 
   
(b) 
(c) 
Figure 6-17: The real contact area between the 11SMnPb37+C with Ra = 0.1 µm, 0.6 µm and 1.0 
µm and sapphire window captured when contact pressure is equal to (a) 0.2∙Y, (b) 0.5∙Y and (c) Y. 
 
Figure 6-17 shows how the contact between the smooth transparent window and 
deformable 11SMnPb37+C specimens with Ra = 0.1 µm, 0.6 µm and 1.0 µm is developing 
with increasing contact pressure. 
 
When the contact pressure is equal to 0.2∙Y (Figure 6-17-a) the contacts are being formed 
mostly by the individual asperities. However, a few patches of coalesced asperities are also 
observed for all three analysed surfaces. While in the case of rougher surfaces only few 
(a) 
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asperities are in contact at 0.2∙Y, the number of contacting asperities is evidently larger in 
case of Ra = 0.1 µm. Consequently, when larger pressure (0.5∙Y) is applied to the contact 
the number of merged asperities clearly increase for Ra = 0.1 µm, while in the case of 
rougher surfaces no prominent difference is observed, Figure 6-17-b. A coalescence of 
neighbouring asperities becomes more intense when nominal contact pressure is equal to 
the yield stress (Figure 6-17-c). The largest and the most numerous patches of merged 
asperities are monitored for Ra = 0.1 µm, which seems logical since larger amount of 
asperities form the contact from the beginning. Although fewer asperities form the contact 
in the case of Ra = 0.6 µm and 1.0 µm, strong interactions between neighbouring asperities 
are also evident for these two roughnesses when the contact pressure is equal to the yield 
stress. 
 
 
6.4.2 Analysis of single-asperity changes during loading 
Since the coalescence of neighbouring asperities is strongly influenced by the geometric 
behaviour of a single asperity when in contact, the comparison between theoretical and 
experimental results is further presented for the behaviour of such asperity. 
 
Figure 6-18 shows the topography of the 11SMnPb37+C specimen with Ra = 1.0 µm 
prepared with grinding and polishing procedure prior the loading, captured by the 3-D 
optical interferometer. Heights of topographic features are presented with the help of 
colour scale. While blue coloured regions present deep scratches, which do not come in 
contact under common loading conditions red colour indicate parts of the surface 
(asperities) that will most likely form the real contact area. A white square marks an 
individual asperity, which is far apart from the others and therefore its deformation is not 
influenced by neighbouring asperities. The theoretical predictions on the selected single-
asperity deformations are determined by its bearing curve. To investigate how an 
individual and isolated asperity actually behaves when in contact the same asperity as 
recognized on the measured topography is monitored on actual surface during the 
experiment until the nominal contact pressure is equal to the yield strength. The 
comparison between theoretical predictions and actual single-asperity deformation is 
presented in Figure 6-19. 
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Figure 6-18: Topography of the 11SMnPb37+C specimen with Ra = 1.0 µm prior the loading, 
where white square marks the isolated single-asperity. 
 
The results in Figure 6-19 show that in general the actual growth of a single-asperity is 
faster than predicted by the bearing curve theory over the whole analysed range. For 
asperity deformations up to 0.31∙Sp quite good agreement is observed between the 
experimental and theoretical results. At 0.31∙Sp the differences between both sets of the 
results are the smallest, only 8 %. However, with further deformation increase the growth 
of the contact area is faster than theoretically predicted. Consequently, the deviations 
between both sets are increasing with increasing asperity deformation. At the largest 
analysed asperity deformation (i.e. 0.40∙Sp) the actual contact area of the asperity is 34 % 
larger than assumed by the theory. 
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Figure 6-19: Comparison of theoretical predictions (green dotted line) and actual deformation (blue 
dots) of a single asperity. In the upper right corner the actual development of the single asperity 
contact area Aasperity is presented. 
 
 
6.5 Comparison between theoretical and experimental 
results 
In this chapter the actual contact behaviour is compared to the predictions of the most well-
known and widely adopted contact models that cover all three deformation regimes, i.e. 
fully elastic, elastic-plastic and fully plastic. The experimental results are therefore 
compared to the theoretical predictions of CEB, KE and JG model. In order to carry out the 
comparison 11SMnPb37+C steel with Ra = 0.1 µm, 0.6 µm and 1.0 µm is selected. 
 
It should be stated once again that the theoretical models are based on assumptions that do 
not mimic the properties of real engineering contacts very closely, as discussed in 
Introduction and Experimental section. The models therefore typically limit their analyses 
to a deformation or load range where the assumptions are (presumably) not violated. While 
the use of CEB and KE models is limited to the contact pressure p = 0.1∙H [28], according 
to Jackson and Green [29] their (JG) model is valid as long as the ratio between contact 
radius (a) and the radius of curvature (R) of asperities (i.e. a/R) is smaller than 0.41. 
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6.5.1 Relationship between the real contact area and contact 
pressure 
Figure 6-20 presents the relationship between the real contact area and the contact 
pressure, where the theoretical predictions of the CEB, KE and JG models are compared to 
the experimental results. While the experimentally obtained relationships between the real 
contact area and the contact pressure are not linear, all the adopted theoretical contact 
models predict an almost linear dependency. 
 
In the case of the smoothest surface with Ra 0.1 µm (Figure 6-20-a) for a contact pressure 
up to around 20 MPa (0.05∙Y), which presents the limitation of the JG model, the 
predictions of all the theoretical models practically overlap with the experimental results. 
With a further increase in the contact pressure up to around 215 MPa (0.5∙Y), which 
corresponds to the theoretical limitation of the CEB and the KE model (i.e. 0.1∙H), the 
experimental results are in between the results of the CEB and the KE models, while the 
JG model is not valid for loads larger than 0.05∙Y. The largest deviation between the 
experimental and theoretical results in this region is measured at 215 MPa (0.5∙Y), where 
the CEB model overestimates and the KE model underestimates the real contact area, each 
by roughly 25 %. Since the applicability of CEB and KE models is limited with the 
nominal contact pressure of 0.5∙Y the comparison with experimental results is not 
presented above this value. 
 
In the case of Ra 0.6 µm (Figure 6-20-b) the JG model is valid only up to around 4 MPa, 
which results in not larger than 0.5 % contact area. For more relevant contact pressures, up 
to 110 MPa, the real contact area predicted by the KE model deviates by up to 25 % from 
the experiments, while in the same loading range the CEB model predicts an up to 2.5-
times higher real contact area than that measured experimentally. For a contact pressure 
higher than 110 MPa (0.26∙Y), both models (i.e. CEB and KE) overestimate the real 
contact area and the deviations between the experimental and theoretical results in this 
region become more prominent. At the highest contact pressure, where both theoretical 
models are still relevant (i.e. 0.5∙Y), the KE and CEB models predict an up to 1-times and 
2.5-times higher real contact area than obtained with the experiments, respectively. 
 
Very similar behaviour as in the case of Ra 0.6 µm can be observed for the roughness of Ra 
1.0 µm (Figure 6-20-c). Here, the JG model is relevant only up to around 2 MPa. For larger 
contact pressures the real contact area predicted by the CEB model is the largest, followed 
by the predictions of the KE model. A comparison of the experimental and theoretical 
results shows that the predictions of the KE model are in relatively good agreement with 
the experiments for contact pressures up to 150 MPa (0.35∙Y), where the largest deviation 
for the real contact area is approximately 30 %. For contact pressures higher than 150 MPa 
the predictions of the KE model start to differ from the experimental results very obviously 
and at 215 MPa the overestimate for the real contact area is almost 50 %. At the same 
contact pressure the CEB model overestimates the real contact area by about 1.5-times. 
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(a) 
 
  
(b) 
 
  
(c) 
 
Figure 6-20: Comparison of the theoretical and experimental results for the relationship between 
the real contact area Ar/An and the nominal contact pressure p for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 
1.0 µm. 
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6.5.2 Relationship between the asperity deformations and 
contact pressure 
Since the models typically use “separation” parameter to evaluate asperity deformation, 
which is not directly comparable to our measured asperity deformations, the deformation 
in the models was set to a zero point, where the theoretical real contact area increased to a 
value of approximately 0.1 % of the nominal contact area An, which occurred at around 0.3 
% of the yield stress Y, i.e. 0.003·Y. This is also almost the same to zero deformation in our 
experiments, which is limited to a resolution of the load sensor (0.1 N), corresponding to 
about 0.7 % of the yield stress Y (0.007·Y). 
 
Figure 6-21 presents the relationship between the contact pressure and the asperity 
deformations for all three analysed surfaces. In the case of the smoothest surface (Figure 
6-21-a) the highest asperity deformation over the whole analysed contact pressure range is 
predicted by the CEB model, followed by the JG and KE models. Once again, it should be 
noted that the JG model for the smoothest surface is valid only up to approximately 20 
MPa. 
 
For contact pressures up to 60 MPa (0.15∙Y), the predictions of the CEB and the KE 
models are in very good agreement with the experimental results where deviations are 
negligible. Between 60 MPa and 215 MPa, the CEB model slightly overestimates the 
asperity deformation, while the asperity deformations predicted by the KE models are 
slightly underestimated. The deviations between the experimental results and the 
theoretical predictions of the KE and the CEB models, within the contact pressure range up 
to 0.5∙Y, are smaller than 15 %. It is also clear that the theoretical contact models for Ra 0.1 
µm predict a constant increase of the asperity deformation over the whole loading range, 
while the experiments indicate an increase only up to approximately 180 MPa. 
 
For Ra 0.6 µm (Figure 6-21-b) and contact pressure up to around 4 MPa, the CEB model 
predicts the largest asperity deformations, followed by the predictions of the JG and KE, 
respectively. With further contact pressure increase (up to 0.5∙Y) the KE model predicts an 
up to 20 % smaller asperity deformation than the CEB model. 
 
A comparison between the experimental and theoretical results indicates that the 
predictions of the KE model are in the best agreement with the actual contact behaviour for 
contact pressures up to 70 MPa (0.16∙Y), where the predicted asperity deformation is only 
8 % higher than the actual deformation. With a further increase in the contact pressure the 
asperity deformation predicted by the KE model is up to 30 % higher than the actual 
asperity deformation. On the other hand, over the whole loading range the CEB model 
predicts an up to 55 % higher asperity deformation than the values measured 
experimentally. 
 
In the case of the roughest surface with Ra 1.0 µm (Figure 6-21-c), the results are almost 
identical to the Ra 0.6 µm case. The highest asperity deformation for the analysed loading 
range is predicted by the CEB model. In the same range the KE model predicts an up to 20 
% smaller asperity deformation than the CEB model. 
 
Similar to the case of Ra 0.6 μm, the predictions of the KE model are in the best agreement 
with actual contact behaviour for Ra 1.0 µm as well. Up to 90 MPa (0.20∙Y) the KE model 
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predicts only a 10 % higher asperity deformation than that measured experimentally. With 
a further increase in the contact pressure the deviations between the KE model and the 
experimental results are more prominent; however, the largest deviation, at 215 MPa, is not 
more than 10 %. On the other hand, over the whole loading range the CEB model exhibits 
up to 35 % higher asperity deformation than that measured experimentally. 
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(a) 
 
  
(b) 
 
  
(c) 
 
Figure 6-21: Comparison of theoretical and experimental results for the relationship between the 
asperity deformation ωasperities and the nominal contact pressure p for Ra (a) 0.1 µm, (b) 0.6 µm and 
(c) 1.0 µm. 
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6.5.3 Relationship between the real contact area and asperity 
deformations 
Figure 6-22 presents the relationship between the asperity deformation and the real contact 
area for the analysed surfaces. In the case of the smoothest surface, i.e., Ra 0.1 µm, (Figure 
6-22-a) all three contact models predict the same real contact area for an asperity 
deformation up to 350 nm. For a higher asperity deformation the JG model is not 
applicable, while the CEB and KE models predict the same real contact area over the 
whole deformation range. While KE model can be used for deformations up to 680 nm, the 
CEB model is applicable for deformations up to 820 nm. 
 
Furthermore, up to 350 nm, the predictions of all three theoretical contact models are in 
very good agreement with the experimental results. With a further increase of the asperity 
deformation, up to 730 nm, which is achieved when the contact pressure is equal to 200 
MPa (0.47∙Y), the predictions of the KE and CEB models are in very good agreement with 
the experimental measurements, with the highest deviation being only 10 %. For higher 
asperity deformations the experimentally measured real contact area grows very quickly 
and can be compared only to the CEB model, which underestimate the real contact area at 
these high deformation values, deviating by 20 %. 
 
For the Ra roughness 0.6 µm (Figure 6-22-b) the JG model predicts slightly larger real 
contact area than KE and CEB model for asperity deformations up to 160 nm. For asperity 
deformations higher than 160 nm the JG model cannot be applicable. Similar to the case of 
Ra 0.1 µm, the CEB and KE models predict the same real contact area over the whole 
deformation range up to 1220 nm, which is limited by the applicability of the KE model. In 
comparison with the experimental results, the predictions of the CEB and KE models are in 
very good agreement with the experiments, with a less than 10 % deviation over the whole 
region, except for the highest deformation at the yield strength, where this comes to a 20 % 
underestimation. 
 
In the case of the surface with Ra 1.0 µm (Figure 6-22-c) and asperity deformations up to 
220 nm the JG model predicts the fastest growth of the real contact area, while the CEB 
and the KE model are again in a good agreement overt the whole applicable asperity 
deformation region. A comparison between the experimental and theoretical results for Ra 
1.0 µm indicates that the predictions of the CEB and KE models fully agree with the 
experimental results over the whole analysed deformation region. 
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(a) 
 
  
(b) 
 
  
(c) 
 
Figure 6-22: Comparison of theoretical and experimental results for the relationship between the 
real contact area Ar/An and the asperity deformation ωasperities for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 
1.0 µm.
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7 Discussion 
This thesis deals with the contact between a multi-asperity and nominally flat surfaces. The 
results were obtained using a test rig that allows measurements of the asperity 
deformations and the real contact area with a submicron resolution, i.e., 20 nm and 700 
nm, respectively, and is controlled by the contact load with a resolution of 0.1 N. 
Moreover, the test rig, together with the test specimens, was designed to monitor the full 
nominal contact area, thus including every possible asperity that can carry the load. This is 
very important in order to control all the asperities and their deformations together with the 
contact load from the moment the first contact occurs, i.e., at a nanoscale resolution. In the 
previous experimental multi-asperity contact analyses [182, 195, 205], based on an optical 
method in a similar study to ours, the resolution of the test rig was lower and only a portion 
of the nominal contact area was captured during the experiment where the “unseen” 
asperity contacts can affect the results significantly. Therefore, to obtain accurate 
measurements we designed an experiment and performed analyses to capture a complete 
set of experimental multi-asperity contact parameters. 
 
In the literature, where theoretical studies on metals predominate, the contact behaviour is 
usually analysed on numerically generated “artificial” surfaces [77, 81, 131, 150, 153, 206, 
207], which due to complexity present only an approximation of real engineering surfaces. 
It should be stressed that analyses, both theoretical and experimental, using the real (i.e. 
engineering) surfaces with relevant roughness and actual mechanical properties, like those 
used in this work, have been greatly missing up to now. Moreover, all our analyses have 
been made in a load range up to the yield strength (different for each studied material) to 
obtain results relevant for a wide range of applications for each material. Since all previous 
multi-asperity studies and models typically limit their validity to a much lower loading 
range, as it will be discussed later on, the extension of the understanding of the multi-
asperity contacts to a larger engineering loading range is one of the key contributions of 
this work. 
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7.1 Effect of roughness on the multi-asperity contact 
behaviour 
The following discussion on the effect of topographic properties on the multi-asperity 
contact behaviour refers specifically to the steel material St(HV216). However, as 
discussed later on, since metals with the same topographic properties exhibit similar 
contact behaviour, the following findings are true for all metals analysed in this work. 
Metals still present the most commonly used materials in numerous engineering 
applications, so a closer to look into their behaviour is of general and broad interest. 
 
We show that the deformation of the asperities is increasing with an increase of the surface 
roughness (Figure 6-2), which is in agreement with the findings of the previous theoretical 
analysis [77]. Although this is quite expected result, the experimental evidence, especially 
at the multi-asperity contacts of real engineering surfaces and for the precision used in this 
work, was missing in the literature up until now.  
 
Additionally, the nm-range displacement detection that we used in the test rig allowed us 
to reveal some important information about the asperity deformation that was not observed 
before. Namely, when the nominal contact pressure reached about 0.4∙Y, the asperities stop 
deforming in the case of the smoothest surface (Ra = 0.1 µm), while in the case of the 
rough surfaces (Ra = 0.6 µm and 1.0 µm) the deformation of the asperities is increasing 
over the whole loading range (Figure 6-2). Nevertheless, it is interesting that when the 
deformation of asperities is normalized with their maximum peak height (Figure 6-3), the 
measured deformation of asperities ranges between 42 % and 55 % of the maximum peak 
height for all the three roughnesses. Therefore, the ability of asperities to deform is almost 
the same, irrespective of the roughness, which is quite surprising.  
 
The roughness also influences the real contact area. That is to say, for smooth surfaces the 
real contact area is larger than for rougher ones. However, in broad range of suggestions in 
the literature of how much is the real contact area on engineering surfaces, our result at this 
precision is highly valuable showing that for smooth surface the real contact area (at yield 
strength) is approximately 20 %, while for rougher surfaces the real contact area reaches 
up to approximately 10 % of the nominal value. It is moreover interesting that the same 
value of 10 % is obtained with both rougher surfaces we used, namely Ra = 0.6 µm and 1.0 
µm (Figure 6-1). Previously, Almqvist et al. [208] showed in a numerical analysis that the 
relationship between the real contact area and the nominal contact pressure is independent 
of the surface roughness for roughnesses between 0.14 µm and 0.93 µm. This is in 
agreement with our experimental results only at higher roughness values (Ra = 0.6 µm and 
1.0 µm), but contradicts our findings for the low roughness (Ra = 0.1 µm). 
 
Moreover, several theoretical models that were developed so far suggest a linear increase 
of the real contact area with the contact pressure [13, 27-29, 136], however, our 
experimental data clearly show that for the smoothest surface (Ra = 0.1 µm) the real 
contact area has two distinct regions with different rates of real-contact-area increase, 
occurring at around 0.5∙Y. On the other hand, in the case of the rough surfaces (Ra = 0.6 
µm and 1.0 µm) this non-linearity is much less obvious, but still present, at around 0.3 Y. A 
similar decay in the real-contact-area increase at higher contact loads was also reported in 
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another experimental study, where the contact behaviour of a roughened half-sphere was 
investigated [198]. 
 
 
7.2 Effect of material properties on the multi-asperity 
contact behaviour 
The experimental analysis showed that the multi-asperity contact behaviour for polymer 
POM differs significantly from metals (Figure 6-5). Namely, in the case of POM the 
growth of the real contact area is much more pronounced than for metals and it results in 
up to 6-times larger contact area at the same normalized contact pressure (p/Y). 
Interestingly, the growth of the real contact area with respect to contact pressure in the case 
of POM is practically independent of the roughness, Figure 6-5. 
 
However, in contrast to the real contact area, the roughness notably influences the 
deformation of asperities for polymer. For rough POM (i.e. Ra = 0.6 µm and 1.0 µm) the 
deformations are larger than for metals (Figure 6-7), as expected. However, it is surprising 
that for the smoothest POM surface (Ra = 0.1 µm) these deformations are similar to those 
measured for metals. The latter surprising phenomena was not studied more closely as it is 
out of the scope of this thesis due to a complex non-linear behaviour of polymers, and 
should thus be addressed in future studies to a greater detail. 
 
Contrary to POM, various metals used in this work exhibit very similar real contact area at 
the same normalised contact pressures (Figure 6-5), despite a broad range of mechanical 
properties (E, Y, H) covered by the selected metals.  
 
Previously, we have shown and discussed the real contact area behaviour for steel 
St(HV216) at different roughness values, ranging between 10 and 20 % of nominal value 
in this work, Figure 6-1. However, almost the same also apply to all other different metals, 
both steels and aluminium, with broadly different mechanical properties, namely having 
yield strength Y from 320 MPa to 2361 MPa, and hardness HV0.1 from 140 to 820. The 
measured real contact area for smooth surfaces thus ranges from 20 % to 25 % and for 
rougher surfaces from 10 % up to 13 %. Previous work with much softer material (Y = 120 
MPa), but also higher roughness (Ra = 5.2 µm) [182] measured about 40 % of real contact 
area at the yield strength. Besides quite different topographic and material properties of 
this work [182] compared to ours, it should also be noted that the experimental set-up in 
[182] did not enable to capture the whole nominal contact area, which to our opinion 
strongly affects observed discrepancies between results in [182] and ours. 
 
Consequently, we report here about quite important and novel finding, showing that 
irrespective of the type of metal used in a broad range of different hardness and yield 
strength, as well as type of metal, namely various steels and aluminium, the measured real 
contact area at the same normalized contact pressure, deviates less than 30 % at any 
roughness – and this was true even at the very high load used, i.e. at the yield strength. 
 
Furthermore, we noticed that also the deformation of asperities is very similar for all 
metals (Figure 6-7), when evaluated at the same normalized contact pressure. The asperity 
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deformations deviate the most on very smooth surfaces at very low contact pressures 
(0.05∙Y), about 80 %. These differences are then decreasing very fast with increasing 
surface roughness and contact pressure. Namely, at 0.2∙Y the deviations for all analysed 
roughnesses are less than 30 %, while at the yield strength the differences in measured 
asperity deformations for all metals and all roughnesses are smaller than 10 %. 
 
The effect of material parameters on contact behaviour was addressed in several studies 
[119, 206, 209-212], however all these are only theoretical. Furthermore, single-asperity 
contact analyses were employed. Although these studies are valuable in terms of 
fundamental understanding of single-asperity contact mechanics, limited theoretical 
correlation can be established to multi-asperity contacts, and even more is lacking their 
validation in actual multi-asperity contacts of engineering-relevant surfaces. 
 
In these previous theoretical single-asperity studies it was showed that elastic strain 
capacity (Y/E) and Poisson’s ratio (υ) do not significantly influence relationships between 
the asperity deformation, contact load and real contact area of a single-asperity contact, 
[210] and [212]. This, in very general terms, agrees also with our findings since, as 
mentioned above, we showed that various metals having quite different material properties 
exhibit similar real contact area and asperity deformations at the same (normalized) contact 
pressure (Figure 6-5, Figure 6-7 and Figure 6-9). 
 
However, in most cases previous theoretical analyses differ from our experimental 
findings. Namely, in [209] it was claimed that only materials with E/Y > 300 exhibit very 
similar relationships between asperity deformation, contact load and real contact area of a 
single-asperity contact. However, our results show that the multi-asperity contact 
behaviour of actual surfaces is not affected by E/Y even when the value is lower than 300 
(i.e. down to 89 for St(HV820), Table 5-1) (Figure 6-5, Figure 6-7 and Figure 6-9). 
Moreover, in another theoretical study [206] the authors reported that the real contact area 
for multi-asperity contacts is increasing with the increasing yield strength (Y). However, 
this completely contradicts to our experimental results for realistic engineering surfaces. 
 
However, for full evaluation and understanding of multi-asperity contact behaviour, not 
only normalised load (with some material property, like yield strength) is relevant, but also 
the behaviour at the same external load, to see the capacity and behaviour under given load 
in various applications. Accordingly, despite similar real contact area and asperity 
deformations of all metals used in our study at the same normalized contact pressure, the 
differences in real contact area and asperity deformations are very clear when nominal 
contact pressure (p) is compared. Namely, the deformations of asperities (Figure 6-8) and 
the real contact area (Figure 6-6) are decreasing both, with increasing hardness (Figure 
6-10 and Figure 6-12) and with yield strength (Figure 6-11 and Figure 6-13). This is 
expected due to the well-known proportional relation between hardness and yield strength 
[139] and is also in agreement with the previous theoretical findings in [29, 177, 211].  
 
Moreover, in this work we tried to find out correlations also with other material properties 
and their composite parameters, namely Young’s modulus, Poisson’s ratio, elastic limit of 
strain and elastic strain capacity, however, no relevant correlation is observed. It seems that 
either larger number of samples must be used, or such relations do not exist for actual 
multi-asperity contacts, which further suggests that contact behaviour is being over-
dominated by geometrical and statistical nature of the multi-asperity contacts. 
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7.3 Deformation mechanisms of the multi-asperity 
contact behaviour 
In this work we have found that the real contact area is relatively small, namely between 
10 and 25 % at most. To some extent this is very surprising, as we present evidence of 
several-times increased load-carrying capacity compared to theoretical based on yield 
strength expectations. However, the question is how this occurs: which mechanisms cause 
such pronounced load-carrying capacity of the multi-asperity contacts? 
 
In previous theoretical studies [114, 115, 131, 145, 206, 213-218] researchers ascribed 
improved load-carrying capacity of the contact to different mechanisms, namely (I) the 
presence of elastic deformation, which actually carries the load [131, 146, 189, 206, 213-
215], (II) work-hardening of asperities that improves the material properties and capacity 
to carry the load [114, 115, 219] and (III) coalescence of neighbouring asperities [131, 145, 
148, 216-218]. 
 
However, up to now these phenomena were not experimentally proven for realistic 
engineering surfaces. Therefore, for the first time, we provide the experimental proofs for 
the theoretically proposed mechanisms with relevant experimental precision. Although the 
in-depth study was carried out only for one steel, namely St(HV216), similar contact 
behaviour for metals, which we measured in other tests (Chapter 6.2) indicates that the 
findings could be generalized to all selected metals. Accordingly, in this work, we have 
designed a particular “step-loading” experiment, where we simultaneously measured the 
asperity deformations, real contact area and load, in several steps. At each step a portion of 
elastic and plastic deformation was resolved at different contact pressures, Chapter 6.3.1.  
 
According to the well-established theory of plasticity index [13] engineering surfaces 
analysed in this study should undergo fully plastic deformation regime, however, our 
experimental analysis show that significant deformation is elastic even for very high 
contact pressures up to yield strength. In the case of our rough surfaces that have Ψ ≈ 50, at 
least 10 % of total deformation is elastic, while for a smooth surface with Ψ ≈ 20, the 
elastic deformation is even much larger, namely above 40 % (Figure 6-15). This further 
suggests that the elastic behaviour of the multi-asperity contacts is much more pronounced 
than we could expect based on the plasticity index criterion [13]. This indicates that multi-
asperity contacts possess improved elastic response, and so the load-carrying capacity. 
 
Since the theoretical limit for plastic behaviour according to plasticity index is at Ψ = 1 
[13], surfaces with 20-50 times larger values, should thus undergo severe and complete 
plastic deformation. However, this is obviously not the case and represents a novel and 
surprising finding directly evidenced through multi-asperity experiments. This further 
shows that plasticity index is not appropriate criterion to evaluate and predict the elastic-
plastic behaviour of asperities, as the variations and errors can be too high. 
 
In fact, in some recent theoretical studies the presence of elastic deformation at large 
contact loads were also anticipated. Two mechanisms, namely (I) the deformation of bulk 
material [131, 213, 214] and (II) the presence of a hydrostatic stress [146, 206, 215] were 
suggested. In our experiments, the bulk deformation was completely eliminated, showing 
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that the bulk deformation mechanism cannot be responsible for observe improved load-
carrying capacity.  
 
On the other hand, the presence of hydrostatic stress can be obtained through coalescence 
of neighbouring asperities [206]. Since our experiments allowed visual evaluation of 
complete loaded contact area, we were able to detect the asperity behaviour on entire 
surface. Indeed, joining of the neighbouring asperities of relevant amount was observed, 
indicating that coalescence can be an important acting mechanism in improved load-
carrying capacity of multi-asperity contacts, which confirms the theoretical findings of 
[131, 145, 148, 216-218]. This was especially noticed at smooth surfaces, however, for 
rough surfaces this mechanism was much less pronounced and probably cannot take the 
key role. 
 
Moreover, an in-depth analysis of a realistic single asperity behaviour – extracted from the 
multi-asperity contact – was performed. The shape of a single-asperity was visualised and 
monitored in a lateral direction, as a function of vertical displacement, namely 
deformation. It was recognised that the deformations in lateral direction are significant, and 
moreover, significantly larger compared to those expected form truncation assumptions 
used in some of the theoretical elastic-plastic contact models [28, 136]. This supports the 
suggestion that coalescence of neighbouring asperities lead to patches of merged areas that 
carry the load via hydrostatic stress [84]. This mechanism is especially prominent for the 
smooth surfaces where the coalescence is the most prominent and a large share of elastic 
deformation is present in the contact. 
 
Since the coalescence of asperities and the presence of elastic deformation are less evident 
for rough surfaces, another mechanism must affect the load-carrying capacity of such 
surfaces. In view of this suggestion, a set of nano-scale analyses of fresh undeformed 
surfaces and deformed multi-asperity surfaces was performed. A large set of experiments 
was required for an appropriate statistical evaluation due to complex analyses of small 
deformed asperity patches. From this study we recognised that the hardness of the 
deformed surface at the top of contacting asperities increases in a consistent and notable 
amount, indicating well-known work-hardening effect. In the case of rough surfaces work-
hardening results in up to 60 % higher hardness of contacting asperities, while hardening is 
less evident for the smooth surfaces, where most of asperities are hardened by up to 20 % 
(Figure 6-16). These results are therefore also in agreement with the theoretical predictions 
of [114, 115, 219] that the hardness of asperities increases when subjected to large loads. 
This is furthermore consistent with above suggested idea that the work-hardening is more 
prominent mechanism for rough surfaces than smooth ones.  
 
To summarise, according to our experimental results, it can be stated that the contact 
behaviour of engineering-relevant surfaces is influenced by the synergetic effect of the 
presence of elastic deformation, work-hardening and the coalescence of asperities. 
However, it seems that in the case of rough surfaces, where asperities are higher and 
sharper [85, 86, 93] the contact behaviour is mainly affected by the work-hardening of 
asperities, while for smooth surfaces, with lower and larger asperities, the effect of 
coalescence of asperities and large portion of elastic deformation predominantly affect the 
contact behaviour. 
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7.4 Comparison between actual contact behaviour and 
theoretical predictions of multi-asperity contact 
models 
Our experimental evidence on real surfaces in a relevant engineering range up to a yield 
strength have pointed out that most of the theoretical models are valid by only about 50 % 
of this pressure range, while some only in few percent, i.e. 5 %. This results from the 
assumptions of the pioneering GW model that are directly or indirectly used in all 
theoretical models adopted in this work. Major limitation of theoretical models presents a 
coalescence of the asperities that is indeed noticed as an important parameter affecting the 
load-carrying capacity and so the real contact area, and broadly discussed previously. 
 
Therefore, due to limited applicability of the models [28, 29] the comparison between the 
sub-micron-resolved experimental results and those from common statistical elastic-plastic 
models, i.e. the CEB, KE and JG models, was not possible for the whole experimentally 
analysed loading range. 
 
For the smoothest surface (Ra = 0.1 µm) all three contact models are in a fairly good 
agreement with experimental results, while in the case of higher roughnesses, the models 
are much less accurate; only the KE model agrees fairly well with the experimental results, 
but only for the low contact pressures up to 0.25∙Y at Ra = 0.6 µm and up to 0.35∙Y for Ra = 
1.0 µm (Figure 6-20). This finding indicates that the common statistical contact models are 
suitable for predicting the real contact area for low loads and relatively smooth surfaces, 
but at larger contact loads and higher roughnesses the models overestimate the real contact 
area – in our case by 2 to 4 times. In agreement with this, in Ref. [198], where the contact 
between a rigid flat and a roughened half-sphere was experimentally analysed and 
compared to theoretical contact models, it was also shown that the theoretical contact 
models overestimate the real contact area at high loads. 
 
From current results therefore follows that the analysed models are limited in the 
applicability to real engineering surfaces at higher load ranges, namely above 50 % of 
yield stress (0.5·Y), which is, however, significant for many applications, especially those 
operating in mixed and boundary lubricated contacts and thus further efforts are needed to 
extend the validity of the statistical multi-asperity contact models to larger loads and 
asperity deformations of realistic surfaces. 
 
It should be mentioned that both experimental and theoretical analyses have limitations and 
are based on assumptions, which affects the presented results. Although the test rig appears 
as one of the most accurate so far [199], certain measurement errors are expected due to 
the sensors’ resolution and signal processing of the custom program and can be improved 
mainly in terms of image processing, which was adopted from [183]. However, apart from 
the first few nm of displacements, the forces, dimensions and scales related to asperity 
features were found very precise and repeatable data and trends were measured. On the 
other hand, all adopted theoretical models are based on several geometric and material 
assumptions, which are quite loosely defined, allow different approaches and lead to 
variations. For example, multi-asperity contact models assume hemispherical asperity tips 
with the same radius of curvature, and their isolation from each other [146]. Another 
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important uncertainty is the criterion for asperity identification and their geometric 
characterization [77, 85, 86, 93]. Other strong influence on theoretical results has the 
selection of material input parameters. For example, some models use hardness [27, 28, 
136], other yield strength [29, 146], while the relation is not straightforward and may vary 
[138]. However, the deviations between the experiments and theoretical predictions are not 
caused only due to the aforementioned limitations of the test rig and assumptions and 
simplifications of theoretical models but also by our ability to provide true values of the 
input parameters. While the topographic input parameters are always strongly affected by 
the resolution of the measuring technique, it is difficult to obtain the exact values of 
material input parameters; mainly due to the scale-dependence and heterogenic structure of 
realistic engineering materials. 
 
Furthermore, while theoretical models neglect the effect of work-hardening and 
coalescence of neighbouring asperities, we experimentally proved that both phenomena 
influence the actual contact behaviour of multi-asperity surfaces. Due to adopted 
assumptions and simplifications of the well-established multi-asperity contact models, their 
usage for most of the relevant engineering applications is very limited. Therefore, the 
precisely captured experimental results for real multi-asperity engineering-relevant 
surfaces, presented in this work, could be used to improve the existing theoretical models 
or even help to establish new ones.  
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8 Conclusions 
1. The experimental results for the contact behaviour of engineering-relevant materials and 
topographic properties showed that under static loading conditions metals at the same 
p/Y exhibit similar real contact area. Within the analysed loading range (from 0 MPa up 
to the yield strength) the real contact area for smooth surfaces ranges up to around 25 % 
of the nominal contact area. In the case of rougher surfaces the maximum measured real 
contact area for metals is only around 10 % of the nominal contact area. 
 
2. When the contact pressure is equal to the yield strength, the measured asperity 
deformations range between 42 % and 55 % of the maximum peak height for the three 
roughnesses. Considering the relatively broad roughness range of the studied surfaces 
(Ra between 0.1 µm and 1.0 µm), this small variation in the relative deformation 
between these surfaces represents surprisingly similar values. 
 
3. The deformation of the asperities is the largest in the case of the roughest surface (Ra = 
1.0 µm) and decreases with a decreasing surface roughness across the whole loading 
range from zero to the macro yield stress. Furthermore, in the case of the smoothest 
surface (Ra = 0.1 µm) the deformation growth of the asperities severely decreases when 
the nominal contact pressure is larger than 0.4∙Y. On the other hand, the deformation of 
the asperities for rougher surfaces (Ra = 0.6 µm and 1.0 µm) is constantly increasing 
over the whole loading range. 
 
4. Contact behaviour of POM polymer evidently differs from the contact parameters 
observed for metals. For the analysed roughness range (i.e. Ra = 0.1 µm –  1.0 µm) the 
real contact area in the case of POM is up to 6-times larger than for metals. 
Furthermore, the results showed that the relationship between the real contact area and 
contact pressure is independent of surface roughness for the analysed roughnesses. 
 
5. At the same normalized contact pressure (p/Y) different metals with Y in the range from 
320 MPa to 2361 MPa, and HV0.1 from 140 to 820, exhibit very similar contact 
behaviour. Namely, the deviations in measured real contact area, especially at large 
contact pressures are not larger than 30 %, while for asperity deformations differences 
are even smaller, i.e. up to 10 %. 
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6. At the same nominal contact pressure a good correlation was found between the contact 
behaviour of metals and material parameters hardness (HV0.1) and yield strength (Y). 
Namely, we showed that the size of the real contact area and asperity deformations at 
particular nominal contact pressure are decreasing with increasing hardness and yield 
strength. 
 
7. Experimental analyses of the multi-asperity contacts revealed that in contrary to 
theoretical predictions, elastic deformation is always present in the contact even for 
rough surfaces and contact pressures up to the yield strength. Within the analysed 
loading range (i.e. 0 MPa – yield strength) the share of elastic deformation is at least 10 
% for rougher surfaces and not smaller than 40 % for the smoothest analysed surfaces. 
This clearly shows that the deformation regime of engineering-relevant surfaces and 
with this related real contact area and contact pressure cannot be properly anticipated 
using the traditional and widely adopted plasticity index criterion. 
 
8. The contact behaviour for metals with engineering relevant roughnesses is affected by 
the synergetic effect of the presence of elastic deformation, work-hardening and the 
coalescence of asperities due to intense deformations of asperities in later direction. 
While in the case of smooth surfaces the contact behaviour is governed by the large 
portion of elastic deformation of the asperities and an intense coalescence of the 
neighbouring asperities, the contact behaviour of rough surfaces is mainly affected by 
the work-hardening of asperities.  
 
9. A comparison of the experimental results and the most common statistical contact 
models (CEB, KE, and JG) shows that the applicability of the models is very limited for 
the engineering-relevant surfaces. Nevertheless, a fairly good agreement was observed 
between the experimental and theoretical results for the smoothest surface. For higher 
roughnesses the theoretical predictions are close to the experiments only at low contact 
pressures (up to ≈0.30∙Y), while at the highest applicable pressures (i.e. 0.5∙Y) the 
contact models overestimate the real contact area by 2–4 times. 
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Uvod 
V številnih inženirskih sistemih kontakti med komponentami igrajo pomembno vlogo. 
Medtem ko so nekateri kontakti namenjeni prenosu obremenitve, drugi zagotavljajo 
električno ali termično prevodnost itd. Posledično kontaktni pogoji igrajo pomembno 
vlogo pri številnih inženirskih aplikacijah kot na primer, ležaji, gredi, tesnilni sistemi, 
električni priključki, mikro-stikala, naprave za shranjevanje podatkov (t.j. trdi disk), 
toplotni izmenjevalci, ipd. Pri načrtovanju takšnih sistemov so predhodno omenjene 
fizikalne veličine izračunane ob predpostavki, da se kontakt med dvema površinama 
formira preko celotne nominalne kontaktne površine (Slika 1). Vendar pa je takšna 
predpostavka upravičena zgolj v primeru ko prideta v kontakt dve idealno gladki površini. 
 
 
 
Slika 1: Shematski prikaz najpogosteje domnevane nominalne kontaktne površine (levo) in 
povečava iste površine na mikro-nivoju, iz katere je razvidna realna kontaktna površina (desno). 
 
Znano je, da vsaka inženirska površina vsebuje makroskopske in mikroskopske 
nepravilnosti [1]. Zato v primeru, ko prideta v kontakt dve površini je malo verjetno, da je 
dejanska kontaktna površina enaka nominalni. Poleg tega se predvideva, da pri običajnih 
pogojih delovanja realna kontaktna površina predstavlja le majhen delež nominalne 
kontaktne površine [2]. Slednja trditev nakazuje, da v primeru načrtovanja inženirskih 
sistemov, predpostavljanje in upoštevanje nominalne kontaktne površine, namesto realne 
kontaktne površine, lahko vodi do ogromnih razlik med dejanskimi in predvidenimi 
kontaktnimi pogoji, kar lahko povzroči zgodnje okvare in posledično odpoved inženirskih 
komponent in sistemov. 
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Velikost realne kontaktne površine je močno pogojena s topografijo, lastnostmi materiala 
kontaktnih površin in pogoji obremenitve. Slednji so običajno določeni na podlagi 
aplikacije ali sistemskih zahtev. Posledično ne morejo biti poljubno zbrani in na njih 
ponavadi nimamo veliko vpliva. V splošnem so lahko inženirski sistemi podvrženi 
statičnim ali dinamičnim obremenitvam. Vendar pa je tudi pri raziskovanju dinamično 
obremenjenih kontaktov obvezno celovito razumevanje obnašanja kontakta pri statičnih 
obremenitvah. Vendar kljub številnim podrobnim raziskavam o statično obremenjenih 
površinah, predstavljenih v zadnjih 60 letih, je na področju še veliko nerazumljivega in 
neraziskano, kar kliče po dodatnih raziskavah. 
 
Glavni razlogi za nepojasnjena obnašanja znotraj statično obremenjenih inženirskih 
kontaktov je povezano s topografskimi in materialnimi lastnosti raziskanih površin. 
 
Topografija vsake inženirsko-relevantne površine je kompleksna. Ne glede na uporabljeno 
metodo za pripravo površin, je na vsaki površini moč zaznati nekatere makroskopske 
(valovite) in mikroskopske (hrapave) nepravilnosti. Tudi, če sta dve površini pripravljeni 
na popolnoma enak način, nikoli ne bosta odražali enakih lastnosti. Posledično je splošna 
karakterizacija površin, ki bi izvirala zgolj iz uporabljene metode priprave površine, 
nemogoča. Ko pridejo površine v stik se realna kontaktna površina formira preko 
površinskih nepravilnosti oz. vršičkov. V primeru ko je površina izmerjena s pomočjo 
znane merilne tehnike, se zdi da pri tvorbi kontaktne površine sodeluje mnogo vršičkov 
(Slika 2). Vendar zaradi geometrijskih lastnosti vršičkov le-ti vsi ne sodelujejo pri tvorbi 
kontakta in posledično pri nošenju obremenitve. Zato je ključnega pomena, da pri analizi 
kontakta prepoznamo tiste pomembne vršičke, ki bremenitev dejansko prenašajo. Pri tem 
se pojavi težava kako identificirati in okarakterizirati relevantne vršičke. Kot primer, 
konstanten in hiter razvoj naprede merilne opreme za zajem in analizo topografij je 
pokazal, da topografija vsake realne inženirske površine izkazuje lastnosti na večnih 
nivojih, ki posledično predstavlja večplastno naravo realnih površin in tudi pojavljanje 
vršičkov na več nivojih. Iz tega sledi, da do danes še vedno ni znano na katerem nivoju se 
pojavljajo relevantni vršički. Zato karakterizacija vršičkov predstavlja eno najbolj 
nerazjasnjenih vprašanj v analizi obnašanje kontakta. 
 
 
 
Slika 2: 2D profil površine, kjer so vidni številni vršički. 
Vršički? 
𝑧 
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Vendar pa zmožnost vršičkov za prenašanja obremenitve ni odvisna le od geometrijskih 
lastnosti, ampak tudi od mehanskega obnašanja. Številne študije so bile zasnovane na ideji 
mehanike kontakta le enega vršička. Za boljše razumevanje in podajanje splošnih rešitev, 
je velika večina teh študij upoštevala enostavno geometrijo (polkrogelno, stožčasto, 
cilindrično itd.) vršička. Ker je dejanska oblika vršička veliko bolj kompleksna, zakoni o 
mehaniki kontakta predstavljajo temelj za splošno razumevanje mehanizem kontakta, 
vendar pa ne odražajo dejanskega mehanskega stanja relevantnega vršička. 
 
Kljub temu, da obnašanje posameznega vršička še ni popolnoma razumljivo, so nekateri 
raziskovalci uspeli razviti kontaktne modele, s katerimi je moč napovedati obnašanje 
kontakta, za inženirske aplikacije bolj pomembnih, površin z več vršički. Ker so mehanska 
obnašanja znotraj takšnih kontaktov še bolj kompleksno kot v primeru kontakta enega 
vršička (zaradi interakcij med sosednjimi vršički in njihovega individualnega prispevka k 
tvorjenju kontakta), teoretični kontaktni modeli za površine z več vršički temeljijo na 
mnogo predpostavkah in poenostavitvah. To lahko posledično vodi do napačnega 
predvidevanja obnašanja v kontakta. Poleg tega do danes kritično primanjkujejo dokazi o 
primernosti uporabe obstoječih teoretičnih modelov za primer realnih inženirsko-
relevantnih površin. Posledično, do danes še vedno ni razjasnjeno kateri teoretični 
kontaktni modeli, če sploh kateri, točno predvidijo obnašanje kontakta znotraj realnega 
inženirskega kontakta z več vršički. Zato je potrebno obstoječe modele kontakta 
uporabljati s previdnostjo. 
 
Ključ do točne in temeljite raziskave realne kontaktne površine za kontakt več vršičkov, 
katera bi zagotovila podrobne informacije o dejanskem stanju v kontaktu, predstavlja 
eksperimentalni pristop. Začetki analize eksperimentalnega obnašanja kontakta segajo v 
50. leta prejšnjega stoletja. Vendar pa je bilo teh, zaradi tehničnih omejitev takratne 
laboratorijske opreme, do 21. stoletja zelo malo. S konstantnim in hitrim razvojem 
napredne laboratorijske opreme, je postajala eksperimentalna analiza vse natančnejša in 
točnejša ter je tako omogočala vpogled v obnašanje kontakta na vedno nižji skali. Kljub 
velikemu napredku pri eksperimentalnih tehnikah, večina sodobnih študij o obnašanju 
kontakta temelji na proučevanju kontakta le enega vršička. Podobno kot pri teoretičnih 
študijah, so bili takšni kontakti običajno obravnavani kot kontakti makroskopske polkrogle 
in toge »idealno-gladke« površine. Čeprav takšne študije zagotovijo precej točne 
informacije o dejanskem mehanskem obnašanju, kažejo pomanjkanje informacij o 
geometrijskemu obnašanju posameznega vršička zaradi njegove dejanske oblike in mikro- 
ali celo podmikronske velikosti. Na tem mestu je potrebno še omeniti, da so bile do danes 
že izvedene tudi nekatere študije kontakta več vršičkov na relevantni (mikronski) skali. 
Vendar pa je pri slednjih moč opaziti pomanjkanje nekaterih ključnih podrobnosti za 
točnost in verodostojnost raziskave in sicer, slaba resolucija ter zajem le določenega dela 
površine v kontaktu. Te omejitve onemogočajo celostno analizo kontakta in s tem 
povezanega obnašanja prav vseh vršičkov v kontaktu in njihovega prispevka k nosilnosti 
kontakta. 
 
Čeprav obstoječe eksperimentalne študije predstavljajo pomemben prispevek k 
razumevanju obnašanja realnih površin v kontaktu, ne vsebujejo dovolj ključnih 
podrobnosti o obnašanju v kontaktu, ki bi omogoča izboljšati obstoječe ali razviti nove 
teoretične kontaktne modele. Za temeljito razumevanje geometrijskega in mehanskega 
obnašanja znotraj kontaktov, je potrebno izvesti eksperiment na najnižji možni skali. S tem 
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bi ne le zajeli pomembne podrobnosti, katere do danes še niso bile eksperimentalno 
pridobljene, ampak tudi uspeli zagotoviti ključne informacije potrebne za razvoj točnega 
kontaktnega modela, ki bi obsegal dejansko geometrijsko in mehansko obnašanje znotraj 
inženirsko-relevantnih kontaktov. 
 
V tezi so predstavljeni eksperimentalno dobljeni podatki o obnašanju kontakta realnih 
inženirsko-relevantnih površin z več vršički pod statičnimi pogoji obremenjevanja, ki so 
pridobljeni z večjo natančnostjo kot v prejšnjih študijah. V ta namen je predstavljena in-
situ analiza kontakta na podmikronskem nivoju, kakršna do sedaj v literaturi še ni bila 
predstavljena. Vpliv hrapavosti in materialnih lastnosti na obnašanje v kontaktu (t.j. 
deformacija vršičkov in realna kontaktna površina) kot funkcija obremenitve je bil 
analiziran in-situ s pomočjo novega testnega preizkuševališča, ki je bilo razvito prav v ta 
namen. Del teze tudi zajema eksperimentalno analizo dejanskih mehanskih in 
geometrijskih lastnosti znotraj inženirskih kontaktov na podmikronskem in celo nano 
nivoju, kar omogoča razumevanje obnašanje znotraj kontakta z več vršički na relevantni 
skali. Poleg tega je prvič predstavljena primerjava obnašanja dejanske inženirske površine 
z več vršički s teoretičnimi napovedi najbolj znanih statističnih modelov kontakta, ki tako 
odgovarja na vprašanje ustreznosti modelov kontakta za realne hrapave površine in realne 
inženirske obremenitve. 
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V splošnem strojništvu se kontaktne pogoje kot so kontaktni tlak, električna in termična 
prevodnost, trenje, obraba idr. računa ob predpostavki nominalnega kontakta dveh površin. 
Zaradi makroskopskih in mikroskopskih nepravilnosti, ki so značilne za vsako inženirsko 
površino je velikost realne kontaktne površine lahko bistveno manjša od ponavadi 
predpostavljene nominalne kontaktne površine [1]. 
 
Zadnjih 60 let je na področju obravnave realne kontaktne površine težnja postaviti 
kontaktni model, ki bi na podlagi znanih topografskih in materialnih lastnosti površin v 
kontaktu ter zunanje obremenitve omogočal točno napovedovanje realnih kontaktnih 
pogojev. V ta namen je bilo izvedenih veliko študij, ki pa so v veliki meri temeljile na 
teoretičnih pristopih. Tako skoraj vsi do danes znani kontaktni modeli temeljijo bodisi na 
osnovnih fizikalnih in matematičnih principih ali pa na rezultatih numeričnih analiz. Zaradi 
kompleksnega obnašanja realnih inženirskih kontaktov, katerega je zelo težko zaobjeti s 
teoretičnimi pristopi, vsi obstoječi teoretični modeli temeljijo na določenih predpostavkah 
ali poenostavitvah. Za točno obravnavo realnih kontaktnih pogojev v primeru inženirsko-
relevantnih površin je zato ključna eksperimentalna analiza kontaktov, kjer so upoštevane 
vse značilnosti kontakta brez kakršnih koli predpostavk ali poenostavitev. Do danes je bilo 
sicer že izvedenih nekaj eksperimentalnih študij vendar so te v glavnem usmerjene v 
obravnavo kontakta enega vršička [162, 183, 186]. Pri obravnavi kontakta inženirsko-
relevantne površine obstoječe študije bodisi niso zajele celega kontakta ali pa zaradi 
tehničnih omejitev dobljeni rezultati ne zadostujejo za dovolj točno analizo kontakta [182, 
195, 205]. 
 
Zaradi pomanjkanja relevantnih, in za razumevanje problematike ključnih, 
eksperimentalnih rezultatov, smo v okviru te naloge razvili novo preizkuševališče, ki ga 
odlikuje podmikronska ločljivost (700 nm v lateralni smeri in 20 nm v vertikalni smeri), ter 
postavili metodologijo, katera omogoča analizo inženirskega kontakta dveh ravnih površin, 
pri čemer je zajet in obravnavan celotni nominalni kontakt. V študiji smo obravnavali 
materiale POM, Al6026, 11SMnPb37+C, 42CrMoS4 in 100Cr6 ter površine s hrapavostmi 
Ra = 0,1 µm, 0,6 µm in 1,0 µm.  
 
V prvem delu naloge (Poglavje 6.1) smo obravnavali vpliv topografskih lastnosti na 
obnašanje v kontaktu. V ta namen smo analizirali jeklo 11SMnPb37+C, ki smo ga 
pripravili na tri različne Ra hrapavosti, t.j. Ra = 0,1 µm, 0,6 µm in 1,0 µm. Vse vzorce smo 
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obremenjevali do makro meje tečenja (Y) testnega materiala. Na podlagi dobljenih 
rezultatov smo pokazali da se realna kontaktna površina v odvisnosti od kontaktnega tlaka 
za hrapavi površini (Ra = 0,6 µm in 1,0 µm) spreminja zelo podobno, medtem ko ta raste 
hitreje v primeru Ra = 0,1 µm. Pri najvišji analizirani obremenitvi, ko je nominalni 
kontaktni tlak enak makro meji tečenja, je velikost realne kontaktne površine za Ra = 0,6 
µm in 1,0 µm približno 10 % nominalne kontaktne površine, medtem ko delež le-te v 
primeru najbolj gladke analizirane površine pri enakem tlaku doseže vrednost okoli 20 %. 
Iz izmerjene odvisnosti realne kontaktne površine od kontaktnega tlaka smo ugotovili, da 
se v primeru Ra = 0,1 µm rast realne kontaktne površine vidno upočasni, ko je nominalni 
kontaktni tlak večji od 0,55∙Y. Podobno je mogoče opaziti tudi v primeru hrapavih površin 
vendar pa je tu prehod manj očiten in se pojavi že pri 0,35∙Y. Meritve deformacij vršičkov 
so pokazale, da so te najvišje v primeru najbolj hrapave površine Ra = 1,0 µm in padajo z 
zniževanjem hrapavosti. V primeru vseh treh analiziranih hrapavosti so deformacije 
največje za kontaktne tlake do 0,4∙Y. Medtem ko se v primeru Ra = 0,6 µm in 1,0 µm rast 
deformacije vršičkov nadaljuje vse do najvišje analizirane obremenitve (t.j. Y), se za Ra = 
0,1 µm pri tlakih višjih od 0,4∙Y vršički v vertikalni smerni praktično ne deformirajo več. 
Če se deformacije vršičkov normira z višino najvišjega vršička, ki prvi pride v kontakt z 
gladko površino (Sp), pridemo še do ene zanimivosti. Iz rezultatov je razvidno, da so 
vršički v primeru vseh treh hrapavosti, ko je nominalni kontaktni tlak enak meji tečenja, 
deformirani za zelo podoben delež Sp (0,42 – 0,55 Sp). To je glede na širok razpon 
analizirane hrapavosti presenetljivo podoben rezultat. 
 
Vpliv materialnih lastnosti na obnašanje v inženirskem kontaktu je prikazan v poglavju 
6.2. Iz rezultatov je razvidno, da kovine za posamezno hrapavost Ra pri enakem p/Y 
izkazujejo zelo podobno obnašanje v kontaktu. Za primer obnašanja realne kontaktne 
površine v odvisnosti od kontaktnega tlaka so razlike med analiziranimi kovinami (Al6026, 
11SMnPb37+C, 42CrMoS4 in 100Cr6) največje za najnižjo hrapavost (Ra = 0.1 µm), kjer 
pri p/Y = 1 vrednost variira med 20 % (11SMnPb37+C) in 25 % (100Cr6) nominalne 
kontaktne površine. S povečevanjem hrapavosti se razlike v izmerjeni velikosti realne 
kontaktne površine manjšajo. Za Ra = 0,6 µm je vrednost le-te pri doseženi meji tečenja 
med 10 % in 13 % pri Ra = 1,0 µm pa med 10 % in 12 % nominalne kontaktne površine. Iz 
analize deformacij vršičkov je razvidno, da so te v primeru vseh kovin najbolj očitne pri 
nizkih tlakih, v povprečju do približno 0,15∙Y. V taistem obremenitvenem področju so 
opažene tudi največja odstopanja med kovinami v izmerjeni deformaciji vršičkov. Z 
nadaljnjo rastjo kontaktnega tlaka se vršički deformirajo počasneje. Za primer Ra = 0,1 µm 
je iz rezultatov razvidno, da so za kontaktne tlake višje od 0,4∙Y deformacije vršičkov 
praktično zanemarljive za vse kovine, medtem ko za višji hrapavosti z naraščanjem tlaka 
raste tudi deformacija. Rezultati za POM kažejo na povsem drugačno obnašanje v kontaktu 
kot ga izkazujejo kovine. Za vse tri hrapavosti (t.j. Ra = 0,1 µm, 0,6 µm in 1,0 µm) je 
vrednost realne kontaktne površine pri doseženi meji tečenja skoraj 70 % nominalne 
kontaktne površine, kar je do 7-krat več (V primeru Ra = 1,0 µm) kot pri kovinah. Analiza 
deformacij vršičkov za POM kaže na to, da se vršički v primeru Ra = 0,1 µm v vertikalni 
smeri deformirajo podobno kot kovine, medtem ko so deformacije pri bolj hrapavih 
površinah in pri višjih obremenitvah (do Y) v primeru POM višje kot pri kovinah. V 
nadaljevanju sledi podrobnejša analiza vpliva materialnih lastnosti na obnašanje v kontaktu 
pri enakem nominalnem kontaktnem tlaku. Zaradi očitnih razlik med kovinami in 
polimerom POM je ta del študije izveden zgolj za kovine. Izkaže se, da tako realna 
kontaktna površina kot tudi deformacija vršičkov pri dani obremenitvi pada z naraščanjem 
trdote in meje tečenja. Ker sta ti dve veličini med seboj povezani [139] je takšen rezultat 
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pričakovan. Korelacij med kontaktnimi parametri in drugimi materialnimi lastnostmi v tej 
študiji nismo opazili. 
 
V Poglavju 6.3 in 6.4 smo s pomočjo eksperimentalne študije analizirali vplive deformacij 
vršičkov na opaženo obnašanje v kontaktu. S pomočjo koračnega obremenjevanja smo 
ugotovili, da pri nizkih kontaktnih tlakih (do 0,2∙Y) prevladuje plastična deformacija 
vršičkov. Ta je najočitnejša v primeru hrapavih površin s hrapavostjo Ra = 0,6 µm in 1,0 
µm, kjer je delež le-te pri 0,2∙Y okoli 80 %. V primeru Ra = 0,1 µm pa je ta delež pri isti 
obremenitvi približno 40 %. Z naraščanjem obremenitve delež dodatne plastične 
deformacije za vse tri analizirane hrapavosti pada. Medtem ko je pri doseženi meji tečenja 
za Ra = 0,1 µm dodatna plastična deformacija praktično zanemarljiva, se del vršičkov pri 
tej obremenitvi še vedno deformira plastično v primeru Ra = 0,6 µm in 1,0 µm. S pomočjo 
nanoindentacije smo uspeli pokazati, da se vršički med deformacijo tudi do neke mere 
utrjujejo. Utrjevanje je najmanj izrazito pri najbolj gladki površini, kjer je večina 
analiziranih vršičkov utrjena za največ 20 % prvotne trdote. Za hrapave površine pa je 
vidno da so izmerjene trdote na deformiranih vršičkih enakomerno razporejene od začetne 
vrednosti (Hnano = 3,35 GPa) do okoli 5 GPa. To kaže na dejstvo, da se vršički različno 
utrjujejo, kar je pričakovano. Pri bolj hrapavih površinah so razlike v višinah vršičkov bolj 
očitne kot pri gladkih površinah. Zaradi tega se prvi vršički, ki pridejo v kontakt bolj 
utrdijo pri neki stopnji deformacije kot tisti vršički, ki so v kontakt prišli kasneje. Poleg 
mehanskega obnašanja vršičkov smo analizirali tudi geometrijske spremembe vršičkov v 
kontaktu. V prvem delu smo pokazali, da se realna kontaktna površina v odvisnosti od 
deformacije dobro ujema s teoretičnimi napovedmi Abbott-Firestone-ovega modela, ki 
obravnava plastično deformiran kontakt. Pri višjih deformacijah postanejo odstopanja bolj 
očitna. Izkaže se, da je realna kontaktna površina na neki stopnji deformacije večja od 
teoretične. To je še posebej očitno v primeru najbolj gladke analizirane površine z Ra = 0,1 
µm. Za takšno obnašanje sta možna dva razloga. Bodisi združevanje sosednjih vršičkov 
[215, 217] ali pa intenzivnejša deformacija individualnih vršičkov kot predvideno v teoriji. 
Iz zajetih slik kontakta med analizirano hrapavo površino in gladkim steklom smo 
dokazali, da med statičnim obremenjevanjem prihaja do interakcije med sosednjimi 
vršički. Teh je največ in so tudi najbolj številčne v primeru gladkih površin Ra = 0,1 µm. 
Na same interakcije med vršički pomembno vpliva obnašanje posamičnih vršičkov, ko ti 
pridejo v kontakt. V ta namen smo v kontaktu posebej analizirali tudi obnašanje izoliranih 
vršičke. Na ta način smo izločili vpliv sosednjih vršičkov, ter tako uspeli pokazati kako se 
vršiček v kontaktu dejansko obnaša. Na podlagi primerjave teoretične in dejanske 
deformacije vršička smo pokazali, da se vršiček sprva deformira precej podobno, kot 
predvideva teorija. Z nadaljnjim povečevanjem deformacije v vertikalni smeri, pa postane 
bolj intenzivna deformacija tudi v lateralni smeri. To kaže na dejstvo, da se vršiček, ki ne 
meji na sosednje vršičke, bolj intenzivno širi v lateralni smeri od teoretičnih napovedi. 
 
Nazadnje smo primerjali dejanske obnašanje v inženirskih kontaktih s teoretičnimi 
predvidevanji najpogosteje uporabljenih kontaktnih modelov za elasto-plastično 
deformirane površine, t.j. CEB [27], KE [28] in JG [29] model. Rezultati kažejo, da se 
eksperimentalni in teoretični rezultati za odvisnost realne kontaktne površine od 
nominalnega kontaktnega tlaka precej dobro ujemo preko celotnega, za modele 
relevantnega obremenitvenega področja (od 0 MPa do največ 0,5∙Y) v primeru najbolj 
gladke površine (Ra = 0,1 µm). Za hrapave površine je ujemanje dobro pri nižjih 
kontaktnih tlakih (do okoli 0,25∙Y), medtem ko razlike s povečevanjem tlaka postanejo bolj 
očitne. Dobro ujemanje med dejanskim obnašanjem v kontaktu in teoretičnimi napovedmi 
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se izkaže tudi za deformacijo vršičkov v primeru Ra = 0,1 µm, kjer so rezultati ponovno 
podobni za tlake do 0,5∙Y. Podoben trend je tudi v primeru hrapavih površin, kjer je dobro 
ujemanje med eksperimentalnimi in teoretičnimi rezultati mogoče opaziti zgolj za tlake do 
okoli 0,2∙Y. Zelo dobro ujemanje je razvidno za odvisnost realne kontaktne površine od 
deformacije vršičkov, še posebej v primeru bolj hrapavih površin (t.j. Ra = 0,6 µm in 1,0 
µm). Medtem ko se eksperimentalni rezultati v primeru najbolj gladke površine precej 
dobro ujemajo z vsemi tremi teoretičnimi modeli (t.j. CEB, KE in JG), obnašanje v 
kontaktu hrapavih površin najbolje predvidi KE model. Če upoštevamo meje relevantnosti 
teoretičnih modelov in predpostavke, na katerih modeli temeljijo, je razvidno, da modeli 
presenetljivo dobro napovedujejo obnašanje realnih kontaktov pri nizkih obremenitvah. 
Medtem ko modeli za napovedovanje obnašanja v kontaktu pri višjih tlakih in za višje 
hrapavosti niso primerni. 
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Zaključki 
1. Eksperimentalni rezultati obnašanja v kontaktu inženirsko relevantnih materialov in 
topografskih lastnosti kažejo, da pri statičnih obremenitvah kovine pri enakem p/Y 
izkazujejo podobno velikost realne kontaktne površine. Znotraj analiziranega 
območja obremenitev (od 0 MPa do meje plastičnosti) se vrednosti realne 
kontaktne površine za gladke vzorce gibljejo do približno 25 % nominalne 
kontaktne površine. V primeru hrapavih površin pa so največje izmerjene vrednosti 
realne kontaktne površine za kovine le okoli 10 % nominalne kontaktne površine.  
 
2. Ko je kontaktni tlak enak meji plastičnosti, se izmerjene deformacije vršičkov za 
vse tri hrapavosti gibljejo med 42 % in 55 % višine najvišjega vršička. Glede na 
relativno široko območje hrapavosti preučevanih površin (Ra  med 0,1 μm in 1,0 
μm) ta majhna sprememba relativne deformacije med površinami daje presenetljivo 
podobne vrednosti. 
 
3. Deformacija vršičkov je največja pri najbolj hrapavi površini (Ra = 1,0 µm) in se 
manjša z nižanjem hrapavosti v celotnem območju statičnih obremenitev, t.j. od 0 
MPa do meje tečenja. Poleg tega se v primeru najbolj gladke površine (Ra = 0,1 
μm) rast deformacije vršičkov znatno zmanjša, ko je nominalni kontaktni tlak višji 
od 0,4∙Y. Nasprotno deformacija vršičkov pri bolj hrapavih površinah (Ra = 0,6 µm 
in Ra = 1,0 µm) konstantno narašča z večanjem statične obremenitve.  
 
4. Obnašanje v kontaktu v primeru polimera POM se očitno razlikuje od kovin. Za 
analizirano področje hrapavosti (t.j. Ra = 0,1 µm –  1,0 µm) je velikost realne 
kontaktne površine do 6-krat večja kot za kovine. Še več, rezultati kažejo, da je 
odvisnost realne kontaktne površine od tlaka neodvisna od hrapavosti, vsaj za 
analizirano področje hrapavosti.  
 
5. Pri enakem normaliziranem kontaktnem tlaku (p/Y) različne kovine z Y med 320 
MPa in 2361 MPa ter HV0.1 med 140 in 820 izkazujejo zelo podobno obnašanje v 
kontaktu (t.j. deformacijo vršičkov in velikost realne kontaktne površine). Tako 
odstopanja v izmerjeni velikosti realne kontaktne površine, še posebej pri večjih 
kontaktnih tlakih, niso večja od 30 %, medtem ko so razlike v primeru deformacij 
vršičkov še manjše, največ 10 %. 
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6. Pri istem nominalnem kontaktnem tlaku je bila ugotovljena dobra korelacija med 
kontaktnimi parametri (realna kontaktna površina, deformacije vršičkov) ter trdoto 
materiala (HV0.1) in njegovo mejo tečenja (Y). Pokazali smo, da se velikost realne 
kontakte površine in deformacija vršičkov zmanjšuje z naraščanjem trdote in meje 
tečenja. 
 
7. Eksperimentalna analiza kontakta več vršičkov je razkrila, da je v nasprotju s 
teoretičnimi pričakovanji elastična deformacija prisotna tudi v primeru hrapavih 
površin in visokih kontaktnih tlakih. Znotraj analiziranega področja (t.j. od 0 MPa 
do meje tečenja) je delež elastične deformacije v primeru hrapavih površin vsaj 10 
% medtem ko za gladke površine ta znaša vsaj 40 %. To jasno kaže, da v literaturi 
pogosto uporabljen kriterij indeksa plastičnosti ni primerno orodje za 
napovedovanje deformacijskega režima inženirsko-relevantnih površin in s tem 
povezanega kontaktnega tlaka in realne kontaktne površine. 
 
8. Na kontaktno obnašanje v primeru kovin z inženirsko-relevantnimi hrapavostmi 
vzajemno vplivajo elastična deformacija, utrjevanje in združevanje kontaktnih 
vršičkov zaradi intenzivne deformacije le-teh v lateralni smeri. Medtem ko ima na 
obnašanje v kontaktu v primeru gladkih površin prevladujoč vpliv elastična 
deformacija vršičkov ter njihovo združevanje, je v primeru hrapavih površin glavni 
vzrok za izboljšano nosilnost le-teh utrjevanje vršičkov. 
 
9. Primerjava eksperimentalnih rezultatov in najpogostejših statističnih kontaktnih 
modelov (CEB, KE in JG) kaže, da je uporabnost modelov za realne inženirske 
površine zelo omejena. Kljub temu se teoretični in eksperimentalni rezultati precej 
dobro ujemajo v primeru gladkih površin. Za bolj hrapave površine teoretični 
modeli pravilno predvidijo obnašanje v kontaktu (so blizu eksperimentalnim 
meritvam) zgolj pri nižjih obremenitvah (do ≈0,30∙Y), medtem ko pri najvišjem, za 
teoretične modele še relevantnem, kontaktnem tlaku (t.j. 0,5∙Y) kontaktni modeli 
precenjujejo velikost realne kontaktne površine za 2 do 4-krat.  
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Appendix 
Relationship between the contact behaviour and material 
parameters 
Effect of Young's modulus (E) on the real contact area 
(a) 
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(b) 
 
  
(c) 
 
Figure A-1: The real contact area Ar/An as a function of the Young's modulus E for Ra (a) 0.1 µm, 
(b) 0.6 µm and (c) 1.0 µm. 
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Effect of Poisson's ratio (υ) on the real contact area 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-2: The real contact area Ar/An as a function of the Poisson's ratio υ for Ra (a) 0.1 µm, (b) 
0.6 µm and (c) 1.0 µm. 
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Effect of elastic limit of strain (E/H) on the real contact area 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-3: The real contact area Ar/An as a function of the elastic limit of strain E/H for Ra (a) 0.1 
µm, (b) 0.6 µm and (c) 1.0 µm. 
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Effect of elastic strain capacity (Y/E) on the real contact area 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-4: The real contact area Ar/An as a function of the elastic strain capacity Y/E for Ra (a) 0.1 
µm, (b) 0.6 µm and (c) 1.0 µm. 
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Effect of Young's modulus (E) on the asperity deformations 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-5: The normalized asperity deformations ωasperities/Sp, as a function of the Young's 
modulus E for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
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Effect of Poisson's ratio (υ) on the asperity deformations 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-6: The normalized asperity deformations ωasperities/Sp, as a function of the Poisson's ratio υ 
for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
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Effect of elastic limit of strain (E/H) on the asperity 
deformations 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-7: The normalized asperity deformations ωasperities/Sp as a function of the elastic limit of 
strain E/H for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
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Effect of elastic strain capacity (Y/E) on the asperity 
deformations 
(a) 
 
  
(b) 
 
  
(c) 
 
Figure A-8: : The normalized asperity deformations ωasperities/Sp as a function of the elastic strain 
capacity Y/E for Ra (a) 0.1 µm, (b) 0.6 µm and (c) 1.0 µm. 
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